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ABSTRACT
EEG DURING MOTOR TASK IN STROKE: THE EFFECTS OF REMOTE
ISCHEMIC CONDITIONING AND FATIGUE ON BRAIN ACTIVITY

Priya Balasubramanian, M.S.E.
Marquette University, 2022

This dissertation aimed to use electroencephalography (EEG) to identify the
effects of fatigue and remote ischemic conditioning on brain activity. Lesions due to
stroke directly or indirectly affect regions of the brain and the descending corticospinal
pathways. Cortical reorganization and alternate descending neural pathways are used
during recovery from stroke as compensation mechanisms for motor deficits. These
mechanisms exacerbate the deficits by worsening the ability to terminate muscle activity,
individuate muscles for fine motor control and minimize abnormal muscle synergy and
coactivation patterns to conserve resources during movement. Even though imaging and
muscle activation studies have documented the existence and impact of cortical
reorganization and the use of alternate descending pathways, temporal changes in cortical
activation during long motor tasks are not well understood. We expect that potential
changes in cerebrovascular function and physiology of brain metabolism after stroke
might impact the ability of the brain to produce extended activity. We used EEG for its
high temporal resolution compared to other imaging modalities to document temporal
changes in brain activity when people with stroke performed various motor tasks. We
first documented the changes in activation during and at the end of a simple cued finger
tap task between people with stroke and controls. We then pushed the neuromuscular
system to its limits using a fatiguing contraction of the wrist to visualize changes in brain
activation patterns after extended muscle contraction. Lastly, we tested a
neurorehabilitation therapy protocol, remote ischemic conditioning (RIC), that has shown
functional improvements in people with stroke to determine if cortical activation is
changed during a complex, multijoint visuomotor task. The results show that cortical
activation in people with stroke is divergent from controls. People with stroke continue
brain activation at the end of a simple task but cannot increase activation at the end of a
fatiguing task. RIC, however, increases activation during a multijoint elbow/shoulder
task. This research has improved our understanding of brain activation during a simple
task and in response to fatigue in people with stroke. The knowledge of cortical changes
due to RIC demonstrates the therapy’s ability to “prime” the brain for neurorehabilitation,
which might lead to better therapeutic outcomes post-rehabilitation in people with stroke.
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CHAPTER 1: INTRODUCTION AND BACKGROUND

1.1 Introduction

Cortical reorganization is a compensatory post-stroke mechanism. It exacerbates motor
deficits such as loss of coordination, inability to individuate target muscles, and difficulty in
terminating movement. Stroke is caused by blockage (ischemic) or breaking (hemorrhagic) of
blood vessels within or leading to the brain, which causes direct or indirect changes in the
neuromuscular system. These changes include reorganization due to neuroplasticity and the use
of alternate descending neural pathways. While these changes allow an individual with stroke to
perform certain motor tasks, their ability to perform these tasks efficiently is reduced
proportionally to their level of impairment.
Spatial changes associated with cortical reorganization post-stroke and the impact of this
reorganization on the stroke individual’s ability to perform a motor task have been investigated
widely by observing spatial changes in the brain and activation changes in the muscles. However,
temporal changes in cortical activation that occur when people with stroke perform a motor task
inefficiently need further exploration. In terms of cortical activation, we also need to answer how
this inefficiency in performing a motor task gets exacerbated when the neuromuscular system of a
stroke individual is pushed to its limit during fatigue. While novel therapies such as remote
ischemic conditioning (Durand et al., 2018; Hyngstrom et al., 2018) have shown improvement in
motor deficits, the cortical mechanisms associated with these improvements are undetermined.
This dissertation will quantify the effect of cortical reorganization by exploring the temporal
changes in cortical activation during various motor tasks and when the neuromuscular system is
pushed to its limit during fatigue. This dissertation will further explore the impact of remote
ischemic conditioning on cortical activation in people with stroke.
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This dissertation explored the effects of fatigue and ischemic conditioning on people with
stroke. Using electroencephalography (EEG), the results established how stroke brain activation
and connectivity are divergent from controls. This study then compared the changes in activation
in the stroke group and controls before and after the onset of neuromuscular fatigue. Finally, we
investigated the effect of ischemic conditioning therapy on brain activity during a complex
visuomotor task involving the coordinated isometric movements at the elbow and shoulder joints.
This chapter will explain the cortical reorganization seen in stroke, neuromuscular fatigue,
ischemic conditioning, and the EEG analysis technique that will help us quantify cortical
activation in people with stroke.

1.2 Cortical Reorganization

Stroke results in lesions that occur due to damage or death of neurons in the brain and
cause several neurological deficits, one of which is motor deficits in the side contralateral to the
lesion. Lesions can occur due to a clot or blockage that disrupts blood flow and is an ischemic
stroke. Lesions can also occur if there is a leakage or rupture in blood vessels in the brain,
referred to as a hemorrhagic stroke. Motor deficits comprise muscle weakness, spasticity (Schmit
et al., 1999), and abnormal synergy patterns (Brunnstrom, 1970; Dewald et al., 1995, 1999;
Twitchell, 1951) and manifest as loss of coordination (Beer et al., 2000), lack of movement
smoothness with increased error (Cirstea & Levin, 2000; Fang et al., 2007) inability to initiate or
terminate (Chae et al., 2002a, 2006; Seo et al., 2009), and difficulty individuating movements
during a motor task (Dewald et al., 1995; Lang & Schieber, 2003; Schieber et al., 2009; Yao et
al., 2009). Loss of coordination in stroke, especially during multijoint movements, lacks
appropriate control from the central drive and gets worse with disuse of the muscles (Beer et al.,
2000). This loss of coordination adds to error in movement by increasing variability (Cirstea &
Levin, 2000) and reducing movement smoothness (Fang et al., 2007).
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Volitional movement for everyday tasks involves the complex interplay of cortical motor
areas and their directive to the muscles via descending pathways. So, loss of individuation could
be due to cortical reorganization when the overlap of cortical activation activates more muscles
than necessary (McPherson, Ellis, et al., 2018; Yao & Dewald, 2018), or use of alternate
descending pathways is a tradeoff between task completion and accuracy (Dewald et al., 1995,
1999; McPherson, Chen, et al., 2018). For example, loss of cortical control resolution manifests
itself as activation of adjacent finger muscles when the intent is to move only one finger (Lang &
Schieber, 2003; Raghavan et al., 2006). When correlating motor impairment in stroke to muscle
weakness and co-contraction during wrist movement, Chae and colleagues found that people with
stroke showed a high degree of co-contraction on their paretic side (Chae et al., 2002b). Kamper
and colleagues saw that people with stroke have difficulty performing extensions at the
metacarpophalangeal (MCP) joint with extensions involving both the flexor (antagonist) and
extensor (agonist) muscles (Kamper & Rymer, 2001). The authors assigned the movement
impairment to post-stroke cortical network reorganization, resulting in nonspecific activation of
cortical areas, leading to antagonist muscles' co-activation. Dewald and colleagues observed
novel co-activation patterns in paretic muscles divergent from healthy muscle activation patterns
during isometric contractions using elbow and shoulder movements in people with stroke
(Dewald et al., 1995). Changes in muscle activation patterns that lead to stereotypical synergistic
movements seen in people with stroke interfere with the optimal recruitment of muscles (Dewald
et al., 1999; Twitchell, 1951).

1.2.1 Change in Spatial Distribution Post-Stroke

Cortical reorganization is necessary to perform a task after stroke and is also directly
related to the remanent level of impairment in chronic stroke. Imaging studies using functional
magnetic resonance imaging (fMRI) in motor tasks have posited that individuals with moderate to
severe impairment after stroke show an extended spatial distribution of cortical activation to
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complete a motor task (Ward et al., 2003b). Earlier studies believed that tapping into non-primary
motor areas in the ipsilesional hemisphere and motor areas in the contralesional hemispheres is
the first step to functional recovery (Chollet et al., 1991; Cramer et al., 1997). But the
longitudinal fMRI study by Ward and colleagues showed that the individuals with better
functional recovery tended to reduce their task-related reliance on alternate motor areas (Ward et
al., 2003a). In addition, an fMRI study by Calautti and colleagues showed that a shift in laterality
index from the ipsilesional primary sensorimotor cortex to the contralesional primary
sensorimotor cortex showed a worse motor deficit in chronic stroke survivors (Calautti et al.,
2007). Other multimodal studies looking at motor tasks or therapeutic interventions support the
findings that moderate and severely impaired stroke individuals who show poor functional
recovery activate non-primary motor areas for task completion and as a compensational
mechanism (J. R. Carey et al., 2002; Cicinelli et al., 1997; Cramer & Crafton, 2006; JohansenBerg et al., 2002; Rehme et al., 2012).
Cortical reorganization worsens motor deficits by altering cortical activations and
connectivity between different brain regions. The level of impairment can be matched to the
cortical activation changes in spatial distribution, magnitude, and time course (Leocani & Comi,
2006). EEG and MEG studies show altered activation, and these alterations are proportional to
the level of motor impairments (Leocani & Comi, 2006; Platz, 2000; Rossiter et al., 2014;
Steogonpień et al., 2011). Like cortical activation, cortical connectivity between various brain
regions changes after stroke (De Vico Fallani et al., 2009; Gerloff et al., 2006; Grefkes & Ward,
2014; Snyder et al., 2021; Wu et al., 2015). For example, Bönstrup and colleagues used
high-density EEG to show a stronger coupling between parietal and frontal regions of the brain
after stroke (Bönstrup et al., 2018). Similarly, Gerloff and colleagues explored change in
connectivity using EEG coherence analysis. They stated that the cortical networks used by people
with stroke are like the ones used to perform higher-order tasks by healthy adults (Gerloff et al.,
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2006). At the same time, Strens and colleagues showed that this dependency on alternate
networks reduces with recovery (Strens et al., 2004).

1.2.2 Changes to Corticospinal Tract in Stroke

The level of impairment post-stroke is also related to the loss of integrity of the
corticospinal tract (the primary communication pathway between the brain and the muscles). It
results in the use of alternate descending neural pathways during a motor task. Motor impairment
and functional outcome measures worsen with the reduction in ipsilesional corticospinal tract
integrity and reliance on contralesional medial reticulospinal tracts (Guggisberg et al., 2017;
Karbasforoushan et al., 2019). Loss of corticospinal fibers, directly or indirectly due to stroke,
correlates with the level of impairment in survivors (Schaechter et al., 2009). For example, in a
large cohort study with 82 individuals with chronic stroke, Jang and colleagues used diffusion
tensor imaging (DTI) to positively correlate white matter integrity and fiber numbers in the
corticospinal tract to motor impairment based on clinical outcomes (Modified Brunnstrom
Classification for hand function and Functional Ambulation Category for gait function) (Jang et
al., 2014). Even though the integrity of the corticospinal tract can be a predictor of stroke
recovery (Lindenberg et al., 2010) and, therefore, the level of impairment poststroke, the use of
alternate pathways may drive the motor function to a certain degree. MRI data of the brainstem
and spinal cord post-stroke show activation of other sensorimotor pathways used as an alternative
(Karbasforoushan et al., 2019).
The use of alternate descending neural pathways such as the reticulospinal pathway
affects the stroke individuals’ ability to individuate target muscles and leads to abnormal synergy
patterns. For example, structural changes such as increased grey matter density were seen in the
contralesional non-primary motor regions when damage to the corticospinal tract was present in
stroke and functionally showed reduced hand performance (Wilkins et al., 2020). Similarly, in
individuals with pure motor hemiparesis, Lang and colleagues inferred that even though cortical
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reorganization and use of remanent corticospinal pathways might activate muscles, they take
away the individual’s ability to individuate (Lang & Schieber, 2004). Zaaimi and colleagues
examined changes to the reticulospinal tracts after a corticospinal lesion using intracellular
recordings in primates. They showed the non-uniform strengthening of reticulospinal tracts,
specifically in forearm flexor muscles, supporting the presence of abnormal synergies seen in
stroke survivors (Zaaimi et al., 2012). Pharmacological interventions targeting the
neuromodulators that affect reticulospinal tracts showed a reduction in expression of the
abnormal synergies, thereby supporting the involvement of alternate descending pathways in
stroke (McPherson, Ellis, et al., 2018).

1.3 Neuromuscular Fatigue

Neuromuscular fatigue, defined as “any exercise-induced reduction in force,” can be
attributed to central and peripheral factors (Gandevia, 2001). During a motor task, neuromuscular
systems adapt to the decrease in force generation and fatigue by modulating motor unit activity at
the muscle level or altering the excitability of the cortical neurons for generating additional neural
stimuli or both (Boyas & Guével, 2011; Gandevia, 2001). Central fatigue occurs when the
voluntary activation of the muscle is reduced and can be verified through the measurement of
force, evoked by nerve stimulation techniques, such as trans magnetic stimulation (TMS)
(Gandevia, 2001; Taylor & Gandevia, 2008). Gandevia asserts that both spinal and supraspinal
factors contribute to central fatigue during a maximal or sub-maximal volitional movement
(Gandevia, 2001), such as reduced drive from the motor cortex or reduction in input to the motor
cortex (Gandevia et al., 1996; Knorr et al., 2012). Peripheral fatigue occurs at the muscle reduces
its force generation, or contractile strength (Boyas & Guével, 2011). Peripheral fatigue can be
demonstrated using the resting twitch force at the muscle (Taylor & Gandevia, 2008).
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1.3.1 Central Fatigue in Stroke

Reduced ability to maintain generation of force at the onset of neuromuscular fatigue is
primarily due to central factors in people with stroke. Stroke survivors experience more central
fatigue than peripheral fatigue (Gandevia, 2001; Hyngstrom et al., 2012; Knorr et al., 2011;
Rybar et al., 2014). Post-stroke changes to the neuromuscular system alter the complex
machinery that provides support during fatigue (Knorr et al., 2012). Studies exploring
mechanisms of neuromuscular fatigue have focused on the sustained or intermittent duration of
maximal or submaximal voluntary contractions in the proximal or distal muscles of the upper or
lower limbs on the paretic and non-paretic side of individuals with stroke (Hu et al., 2006; Knorr
et al., 2011, 2012; McManus et al., 2017; Riley & Bilodeau, 2002). These studies collectively
demonstrate that compared to controls or non-paretic muscles, the paretic muscles reduce
voluntary muscle activation due to central fatigue.
When stroke survivors perform motor tasks, the neural adaptations following their
recovery influence the central fatigue they perceive as increased effort (Knorr et al., 2012). For
example, Knorr et al. observed paretic and non-paretic isometric ankle dorsiflexion in people with
stroke to explore the origins of neuromuscular fatigue post-stroke (Knorr et al., 2012). In
response to an increase in central inhibition due to fatigue, stroke survivors could not increase
their central excitability to sustain the contraction, and the central fatigue was more significant in
the paretic side than the nonparetic side (Knorr et al., 2011). The reduced number of cortical
neurons due to stroke might contribute to central fatigue. The other reason might be the changes
to the excitatory and inhibitory interplay of neuronal systems that come into effect to modulate
neuromuscular fatigue (Knorr et al., 2012).
Several studies have endeavored to ascertain that central fatigue is predominant in people
with stroke by observing voluntary activation (motor unit firing rates, muscle output using EMG)
or stimulating the motor cortex using TMS (Knorr et al., 2012; Kuppuswamy et al., 2015;
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McManus et al., 2017; Riley & Bilodeau, 2002). However, whether central fatigue in stroke is
due to the underutilization of cortical drive due to cortical reorganization (Knorr et al., 2012) still
needs further exploration by examining the changes in cortical activation at the onset of fatigue in
stroke.

1.4 Cortical Activation Using EEG

EEG can quantify temporal changes in cortical activation during a motor task. According
to Pfurtscheller et al., the neurons in the brain go out of synchrony in the presence of stimuli
leading to a reduction in signal amplitude at a particular frequency band, which is observed as
event-related desynchronization (ERD) (Pfurtscheller & Lopes da Silva, 1999). However, the
neurons slowly return to synchrony in event-related synchronization (ERS) at the end of these
stimuli (Pfurtscheller & Lopes da Silva, 1999). ERD and ERS both reflect the percentage change
in signal power compared to baseline in specific frequency bands where ERD reduces power, and
ERS contains a power peak.
Time-frequency analysis of EEG signals in the beta band frequency range between
13-30Hz is used to assess cortical processing due to a motor task (Pfurtscheller, 1992;
Pfurtscheller et al., 1999; Pfurtscheller & Aranibar, 1979). Cortical changes in beta band power
show ERD (decrease in power from baseline) during a motor task and ERS (increase in power
from baseline) in healthy adults at the end of the task. Pre-movement beta desynchronization is
predominantly lateralized in healthy adults and occurs at 1.5s to 2s before the movement onset
(Alegre et al., 2003; Pfurtscheller & Aranibar, 1979). This pattern is due to movement
preparation. At movement onset, beta desynchronization is present bilaterally with a more
substantial lateralized presence and remains till the motor task is sustained (Alegre et al., 2003).
Beta desynchronization may be due to diverse network cortical processing of a motor task (Crone
et al., 1998; Pfurtscheller & Lopes da Silva, 1999) or due to afferent activity controlling the
movement (Alegre et al., 2003).
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Beta synchronization is observed at the end of a movement, measured as an increase in
beta power, above the baseline power. The ERS may be due to the end of cortical processing that
occurs at the end of the motor task or the active suppression of cortical networks at the end of a
motor task (Erbil & Ungan, 2007; Gaetz & Cheyne, 2006; Pfurtscheller et al., 1996, 1999;
Pfurtscheller & Aranibar, 1979). Topographical mapping studies analyzing the cortical
arrangement of ERD/ERS patterns in alpha and beta bands also agree with the somatotopic
organization of the cortical oscillations in healthy adults.

1.4.1 The Beta ERD in People With Stroke During Movement

The level of ERD has been correlated to levels of impairment in people with stroke
during a motor task, where the change in desynchronization is present in the ipsilesional,
contralesional, or both hemispheres. For example, 1) the level of desynchronization in the
ipsilesional hemisphere is reduced compared to controls, and the level of impairment is
negatively correlated to the level of desynchronization (Bartur et al., 2019; Rossiter et al., 2014).
2) The level of impairment correlates with desynchronization in the contralesional hemisphere
(Kaiser et al., 2012). 3) The level of impairment positively correlates with ERD in the
contralesional hemisphere and negatively correlates with the ipsilesional hemispheres (Thibaut et
al., 2017).

1.4.2 The Beta ERD With Fatigue

The ERD and ERS pattern change before and after fatigue in healthy adults has been
extensively studied using various electrophysiological imaging and signaling modalities.
Event-related changes in healthy adults at the onset of fatigue show; 1) unaltered drop in beta
power on the contralateral sensorimotor cortex (Fry et al., 2017), 2) decrease in
desynchronization in the contralateral sensorimotor area but an increase in the ipsilateral
hemisphere (M. Tanaka & Watanabe, 2011), 3) migration of ERD rhythm to other cortical
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regions of the brain (Liu et al., 2006; M. Tanaka & Watanabe, 2011) and 4) increase in ERS
post-fatigue (Fry et al., 2017). Changes in ERD/ERS patterns have been assigned to modulatory
neuromuscular compensation mechanisms that come into play to increase the cortical drive to the
motoneurons (Boonstra, 2017). EEG signal analysis in the frequency domain by observing
event-related phenomena can highlight the relation between the anatomical location of a lesion
and functional outcomes in neurological disorders. Hence, in people with stroke, the change in
the cortical activation during a voluntary movement task can be visualized as the change in
ERD/ERS across the brain (Pfurtscheller, 2003, 2001).

1.5 Remote Ischemic Conditioning (RIC)

RIC, a therapeutic and non-invasive technique, involves multiple repetitions of restriction
and reperfusion of blood in a remote location such as the upper or lower limb. Use of RIC to
provide global protection to remote organs such as the heart and brain (Heusch et al., 2015) are
well established. By a combination of neural and humoral pathways (Lim & Hausenloy, 2012),
RIC provides cardioprotection (Sharma et al., 2015), neuroprotection (Dirnagl et al., 2003), and
protection to other organs (Candilio et al., 2013).
RIC positively affects exercise performance in healthy adults by imitating
exercise-related humoral and neural changes. Studies show improved performance after RIC
during a maximal effort cycling exercise (Crisafulli et al., 2011; de Groot et al., 2010) and
improved muscle activation (Cruz et al., 2015). While performing a short bout exercise of 100m
swimming, Jean-St-Michel found improvement in maximal performance post-RIC (Jean-StMichel et al., 2011). Similarly, in a short bout of sprint cycling, Cruz and colleagues showed
increased muscle activation and improved anaerobic inputs (Cruz et al., 2016). In a maximal
endurance exercise of 5K running in healthy adults, Bailey and colleagues improved the time to
complete the task (Bailey et al., 2012). When healthy men performed submaximal handgrip
contractions (Barbosa et al., 2015), or submaximal isometric unilateral knee extension (D. Tanaka
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et al., 2016), RIC improved their time to task failure, thereby delaying fatigue. These studies in
healthy adults show the benefits of RIC in improving task performance and endurance by
increasing muscle strength and delaying the onset of fatigue. RIC emulates exercise-induced
changes such as increased vasodilation of smooth muscles (de Groot et al., 2010), increased
efficacy of excitation-contraction coupling in the muscles (Bailey et al., 2012), and decreased
perception of effort and fatigue (Crisafulli et al., 2011; Cruz et al., 2015, 2016).

1.5.1 RIC as a Therapeutic Tool

The benefits of RIC in healthy adults promote its use in people with stroke as a
therapeutic tool. Motor deficits in people with stroke manifest as muscle weakness and
neuromuscular fatigue during motor tasks creating impediments to task performance or
endurance; traditional therapies might not improve motor deficits in people with stroke
(Hyngstrom et al., 2018). Cherry-Allen and colleagues had seen the benefits of RIC with motor
learning in healthy adults and alluded to the benefits of enhanced neural plasticity (Cherry-Allen
et al., 2015; Wang et al., 2020). As the studies support the premise that RIC uses neural, humoral
or both pathways to provide exercise-induced enhancements in healthy adults (Lim & Hausenloy,
2012), it is safe to assume that RIC might be effective on its own or as an aide to therapy in
people with stroke (Durand et al., 2018). Hyngstrom and colleagues have initiated the promising
foray into rehabilitation for stroke, targeting motor deficits with a single session RIC pilot study
(Hyngstrom et al., 2018). The authors’ two-week multi-session RIC protocols continued the
exploration of RIC as a therapeutic tool in stroke (Durand et al., 2018). While the short-term
effects of RIC include improvement in muscle strength and muscle activation, the long-term
effects of RIC include an increase in the pace of gait (self-selected walking speed). These studies
also showed that people with stroke tolerate the RIC therapy well. These results support the
existence of central fatigue mechanisms via neural pathways, possibly using the group III and IV
muscle afferents, but do not exclude the involvement of humoral pathways.
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1.6 Specific Aims

We aimed to characterize cortical changes related to fatigue and ischemic conditioning in
people with stroke. The research for this dissertation delved into the cortical changes in stroke
survivors by calculating cortical activation and connectivity during motor tasks using EEG. First,
we established the difference in cortical activation and connectivity between people with stroke
and controls before and after performing a simple motor task in response to visual cues. Next, we
characterized cortical activation changes before, during, and after a ramp and hold task. The
complex visuomotor ramp and hold task was repeated before and after the onset of neuromuscular
fatigue to identify adaptations or failure in task performance in people with stroke group and its
relevance to cortical activation. To conclude this dissertation, we explored the efficacy of
ischemic conditioning therapy for people with stroke by assessing the changes in brain activity
during a coordinated isometric task involving the elbow and shoulder joint torques.

1.6.1 Aim 1: Demonstrate the Difference in Cortical Activation and Connectivity Between People
With Stroke and Age-Matched Controls During and After a Simple Cued Motor Task

To address Aim 1, we recorded EEG data from mildly impaired chronic stroke
individuals and their age and gender-matched controls while performing a finger tap task with
visual cues. Changes in the beta band (13-26Hz) power from baseline in the sensorimotor
ipsilesional and contralesional hemispheres were calculated as a representation of cortical
activation associated with the task. In addition, coherence between the two sensorimotor regions
in the hemispheres and the frontal brain region was used to observe changes in network
connectivity during the task and post task. We expected the cortical activation and connectivity in
the stroke group to be divergent from controls during the finger tap and post task. Therefore, the
initial hypotheses are: 1) cortical activation will continue when relaxation should occur at the
end of the finger tap task. 2) Changes in connectivity between cortical regions will correspond to
errors in sensorimotor integration that will terminate the motor command at the end of the task.

13
1.6.2 Aim 2: Quantify the Change in Cortical Activation in People With Stroke Following
Fatigue at the End of a Prolonged Submaximal Isometric Visuomotor Task

We recorded EEG and wrist flexion torque data from mildly impaired chronic stroke
survivors and their age and gender-matched controls to test this aim as they performed a series of
visuomotor submaximal isometric wrist flexion ramp tasks before and after fatigue. We expected
the change in beta band power from baseline to quantify the change in cortical activation and
mean torque across trials to establish the level of generated torque. We expected the cortical
activation and generated torque to be reduced post fatigue in people with stroke. In contrast, we
expected the age-matched controls to increase cortical activation and generate torque to meet the
task demands. Thus, the initial hypothesis is that cortical activation will reduce post fatigue in
people with stroke. This reduction will be highest at the end of the task, as people with stroke will
have difficulty maintaining cortical activation at the end of a prolonged submaximal wrist flexion
post fatigue.

1.6.3 Aim 3: Determine if Remote Ischemic Conditioning Will Alter Cortical Activation in
Individuals With Stroke During a Complex Visuomotor Submaximal Isometric Task

We recorded EEG, EMG, and torques from chronic stroke survivors' elbow and shoulder
joints during RIC and Sham sessions to test this aim. Participants performed a series of infinity
pattern tracing tasks using submaximal isometric elbow flexion, elbow extension, shoulder
abduction, and shoulder adduction contractions. In addition, we compared cortical activity (using
change in beta band power), task performance (area under the curve while traversing each circle
of the infinity pattern, speed, and velocity), and muscle activation before and after RIC/Sham
therapy sessions. If improvement seen post-RIC were due to neural factors, we would expect the
cortical activation to increase post-RIC sessions compared to the Sham sessions. Therefore, the
initial hypotheses are 1) the post-RIC stroke group will show increased cortical activation
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contrary to post Sham. 2) RIC will increase elbow and shoulder torques and muscle activations
to improve visuomotor task performance.
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CHAPTER 2: ALTERED CORTICAL FUNCTION AND ACCOMPANYING INABILITY TO
MODULATE NEURAL DRIVE DURING A SIMPLE MOTOR TASK

2.1 Introduction

The purpose of this study was to characterize cortical activation and network connectivity
during a simple finger motor task in stroke survivors using electroencephalography (EEG). In
addition to paresis, individuals with chronic stroke exhibit sensory and motor impairments that
interfere with movement and affect coordination and precision of actions. Damage to cortical
regions or pathways due to the lesions and the subsequent recovery after stroke play primary roles
in lingering motor impairments. Even after stroke rehabilitation, distal muscles, such as muscles
of the fingers, often remain impaired (Schieber et al., 2009; Xu et al., 2015). Neuroplasticity after
stroke is seen as structural (Carmichael & Chesselet, 2002; Kalinosky et al., 2013; Sotelo et al.,
2020) and functional (Cramer & Crafton, 2006) cortical reorganization to nonprimary motor areas
in the ipsilesional or the sensorimotor contralesional cortex (Chollet et al., 1991; Cramer &
Crafton, 2006; Grefkes & Ward, 2014; Kalinosky et al., 2013, 2019; Rossini et al., 1998; Ward et
al., 2003a, 2003b; Ward & Cohen, 2004). While several EEG studies have documented motor
impairment due to spatial changes in activation (Leocani et al., 2001; Platz, 2000; Rossiter et al.,
2014; Steogonpień et al., 2011) or connectivity (Bönstrup et al., 2018; De Vico Fallani et al.,
2009; Gerloff et al., 2006; Strens et al., 2004; Wu et al., 2015), the EEG temporal patterns
associated with motor impairments have not been extensively described and could provide insight
into the cortical contributions to motor impairments.
One of the manifestations of motor impairments in people with stroke is difficulty
initiating and terminating volitional muscle activation (Chae et al., 2002a, 2006; Seo et al., 2009).
Chae and colleagues found significant delays with initiation and termination of paretic muscles
compared to their non-paretic counterparts (Chae et al., 2002a, 2006). The authors attributed the
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delay in termination of both the upper and lower extremity muscles to decreased inhibition along
descending pathways to the muscles and restructuring of cortical pathways. Along with changes
in inhibitory cortical networks, Seo and colleagues concluded that muscle activity termination on
the paretic side is also negatively influenced by sensory processing changes during a grip task
(Seo et al., 2009). In preparation for a motor task, Yao and colleagues, using EEG, saw that the
cortical activity overlapped to cortical regions in the contralesional hemisphere (Yao et al., 2009;
Yao & Dewald, 2018). These latter studies suggest that the primary mechanisms supporting the
inability to volitionally relax muscles are a combination of 1. cortical reorganization that
scrambles the cortical drive to the motor neuron pools, 2. reliance on alternate descending
pathways as a compensatory mechanism during a motor task, and 3. alterations in sensory
processing or feedback (Chae et al., 2002a, 2006; Dewald et al., 1995; Kamper & Rymer, 2001;
Lang & Schieber, 2003; Seo et al., 2009).
The current study examined cortical activation and connectivity changes in people with
chronic stroke during and after finger tap. We collected EEG data while participants produced
cued movement of their index finger. During and at the end of the task, we quantified cortical
activation using the change in EEG power to baseline in the beta band (13-26Hz) (Pfurtscheller &
Lopes da Silva, 1999; Stancák & Pfurtscheller, 1996) and quantified connectivity between
cortical areas using task-based coherence between EEG electrodes (Gerloff et al., 2006;
Rappelsberger et al., 1994; Snyder et al., 2019). We hypothesized that: 1. Cortical activation
persists when relaxation should occur at the end of the task and 2. changes in connectivity
between cortical regions correspond to errors in sensorimotor integration that helps terminate the
motor command at the end of a task. Thus, damage to cortical regions or pathways and
subsequent recovery after stroke are likely primary in lingering finger impairments.
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2.2 Methods

2.2.1 Study Participants

Ten chronic stroke participants (66.3±11.29 years old, 7 females) and ten controls
(66±11.35 years old, 7 females) participated in the study. The stroke participants completed the
study using their paretic hand, and the controls used their dominant hand. The study included
controls with no neurological deficits and individuals with chronic stroke (> one-year post-stroke)
with no other neurological conditions. We excluded people with stroke from the study if they
could not voluntarily flex or extend their paretic index finger at their metacarpophalangeal (MCP)
joint, unassisted. We computed the impairment level (maximum of 66) for all stroke participants
using the Fugl-Meyer upper extremity assessment (Fugl-Meyer et al., 1975). Table 2.1 contains
the demographics and clinical characteristics of the participants. All participants consented in
writing to join in the study per the Institutional Review Board at Marquette University.

Table 2.1: Demographic and clinical characteristics of stroke participants (S) and controls (C). The hand used for performing the task was
the paretic side for stroke participants and the dominant side for controls. The reported Fugl-Meyer value is the upper extremity motor score
(maximum of 66).
(Anatomical locations: ACA – Anterior Cerebral Artery, MCA – Middle Cerebral Artery, PCA – Posterior Cerebral Artery)
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2.2.2 Study Apparatus

Participants rested their arm on a manipulandum with a shoulder abduction angle of 30
degrees and elbow flexion of 90 degrees to perform the task. The participants were seated in an
adjustable chair, and their shoulder was neutral in the horizontal plane with no flexion or
extension. The wrist position was at 30 degrees supination of the forearm.

2.2.3 Study Protocol

Participants produced cued index finger movements, with movement targeted at the MCP
joint using visual cues. The study consisted of 80 trials. Participants performed each trial using
the index finger of their paretic arm (stroke) or dominant arm (controls). Each trial consisted of
Baseline (2s before visual cue onset), Finger Tap (0s at visual cue onset to 1s post visual cue
onset), Post Task (1s to 2s post visual cue onset), and resting periods. Before each trial,
participants started from a resting position where they rested the index finger upon the thumb. At
visual cue onset, the participants quickly extended their index finger and returned to the resting
position. We provided visual cues using a computer monitor placed at eye level. A custom-built
LabVIEW (National Instruments Corporation, Austin, Texas) program controlled the visual cues
and generated pulses to synchronize the cue onset to the EEG data. During rest, the visual cue
was a dark green circle on the screen with the word "Wait" written inside, and at cue onset, this
circle turned bright green, and the word changed to "Go." Each visual cue lasted 500ms, and the
cues appeared at random intervals that varied between 5s and 7s. After recording the first 40
trials, the participants took a short break before recording the second 40 trials to maximize focus
and break the monotony. Both the stroke participants and controls performed the task by quickly
extending their finger after the cue and returning to the resting position without delay. We closely
monitored the participants during each trial for consistent performance and to minimize other
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muscle movements. We excluded trials in which the participant did not quickly extend and return
to the resting position or observed evidence of activity in nontargeted muscles.

2.2.4 Study Measurements

A 64-channel active electrode actiCAP (Brain Products GmbH, Munich, Germany), set in
the conventional 10-20 international system, was used to collect EEG data. The reference
electrode was at FCz, and the ground electrode was at AFz. First, we placed the Cz electrode in
line with the preauricular points and the nasion and inion points to align the EEG cap to each
participant's head. Next, we applied SuperVisc gel (Brain Products, GmbH, Munich, Germany) to
the surface electrodes to lower their impedances below 10kOhms. EEG signals sampled at 1kHz
were bandpass filtered (0.3 and 200Hz), notch filtered (60Hz), and amplified using the Scan 4.5
software and a Synamps 2 EEG system (Compumedics® NeuroscanTM, Charlotte, USA).

2.2.5 Data Analysis

EEG Preprocessing and Referencing: We used the EEGLAB toolbox (version v13.4.4b)
(Delorme & Makeig, 2004), FieldTrip (version 2016-01-03) (Oostenveld et al., 2011), and
custom MATLAB scripts (version 2016a & 2018a, MathWorks, Natick, Massachusetts) to
analyze the EEG data. All EEG data were filtered using a fourth-order, zero-phase Butterworth
filter (1 – 50Hz). Each epoch started at a baseline (2s before visual cue onset (t = 0)) and ended 4s
post cue onset resulting in 80 epochs. The manual rejection function of FieldTrip (ft_rejectvisual)
was then used to remove the outlier epochs and noisy EEG channels from baseline-corrected
epochs (average # of epochs/channels removed: 20.6/2.8). The Adaptive Mixture Independent
Component Analysis (AMICA) from EEGLAB was then used to remove artifacts and other noise
from the EEG data. Independent component analysis is a blind source separation technique used
to separate the signals of interest and noise in EEG data (Delorme et al., 2012). Of the various
source separation algorithms, the AMICA function (Palmer et al., 2011) has shown good

21
performance in separating artifactual signal components such as eye blinks and muscle activity
from signal components (Delorme et al., 2012). These artifactual signal characteristics can be
identified as noisy components (Delorme et al., 2012; Puce & Hämäläinen, 2017). In this way, we
removed noisy components from our EEG signals using AMICA (average # of components
removed: 15.5) and then reconstructed the EEG signals without the noise.
EEG data were re-referenced to a common average across all electrodes for activation
analysis. For connectivity analysis, we averaged the mastoid electrodes (Electrodes Tp9 and
Tp10) to re-reference the EEG data (Rappelsberger et al., 1994; Snyder et al., 2019) and then
calculated the surface Laplacian. Note that EEG records cortical signals at the scalp from
electrodes placed close to each other. As cortical signals pass through various biological media,
the signal is attenuated and there is spatial smearing, leading to a volume conduction effect
(Cohen, 2017; Snyder et al., 2019). We computed the surface Laplacian values to minimize this
volume conduction effect. Using a spherical spline algorithm, we used the CSD Toolbox (Version
1.1) to calculate the surface Laplacian (Kayser & Tenke, 2006; Perrin et al., 1989). Note that the
spherical spline algorithm is a more robust estimate of the EEG montage's edge electrodes than
the computation of surface Laplacian using the local Hjorth estimate (Kayser & Tenke, 2015).
We flipped the hemispheres for right hemisphere stroke datasets so the left hemisphere
would represent the lesioned/contralateral sides for all participants. The baseline period was
defined as 2s before the visual cue onset till cue onset (-2s to 0s), the Finger Tap period was
defined from visual cue onset at 0s to 1s post cue (0s to 1s), and the Post Task period was 1s post
visual cue to 2s post cue (1s to 2s).
Activation analysis: We used the change in beta band power of the surface Laplaciancorrected EEG epochs to estimate cortical activation. Note that beta-band power reductions
relative to baseline represent cortical activation during a motor task (Pfurtscheller & Lopes da
Silva, 1999). The amplitude was squared and averaged across epochs after bandpass filtering at
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13-26Hz using an IIR fourth-order Butterworth filter for each electrode. We calculated percent
change from baseline using Equation (2.1) to normalize the beta power data for further analyses,

%

=

−

∗

(2.1)

where %Change(t) represents the percent change in beta power relative to baseline. A(t)
represents the power at each time point, and R is the averaged beta power across the baseline
period. ERD is manifested as a reduction in power relative to baseline and typically occurs during
a motor task. At the same time, event-related synchronization (ERS) is an increase in power
relative to baseline, often observed at the end of a motor task (Pfurtscheller et al., 1996, 1999;
Pfurtscheller & Lopes da Silva, 1999). Thus, ERD will be reported as the percent decrease in beta
power (13-26Hz) relative to baseline (Equation 2.1). Similarly, beta ERS will be reported as a
percent increase in beta band power relative to baseline.
Source localization of EEG data was performed using Brainstorm toolbox
(Version 3.4 - 19 May 2016) to visualize the spatial distribution of activation across the cortical
surface. We used the EEG data corrected for volume conduction using the surface Laplacian
algorithm and flipped the hemispheres in right hemisphere strokes. Hence, the left hemisphere
was the ipsilesional/contralateral side for the stroke/controls. The default MNI/Colin 27
anatomical brain template (Holmes et al., 1998) was used to normalized the location of each
participant's distributed current dipole map. The inverse model for source localization was
calculated in Brainstorm using a depth-weighted minimum L2 norm estimator of cortical current
density (Hämäläinen & Ilmoniemi, 1994). The forward model (OpenMEEG) (Gramfort et al.,
2010) estimate was found using a boundary element model (BEM) before the computation of the
inverse model. Source localized data calculated for each trial were then bandpass filtered between
13-26Hz using a zero-phase fourth-order Butterworth filter. Finally, Hilbert transformed, filtered
data were squared and averaged across trials to obtain the power to calculate the event-related
desynchronization (ERD) for displaying the source localized EEG data.
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Connectivity analysis: We computed EEG coherence between all electrode pairs across
both hemispheres during the Finger Tap and Post Task periods, using magnitude squared
coherence (MSC) as shown in Equation (2.2),

=

|

|

(2.2)

∗

where Cxy(f) is the cross-spectrum between electrode pairs (x and y) at each frequency (f) of
interest, Cxx(f) and Cyy(f) are the auto spectra of the electrodes x and y, respectively. Each trial
was divided into six non-overlapping windows, each with 1s of data. For each participant, the
connectivity matrix was 65x65x6 for each frequency. The connectivity matrix was filtered in the
beta band frequency range of 13-26 Hz and then averaged across the frequency range. We
calculated task-based coherence (tbCoh) by subtracting average coherence across baseline (-2s to
0s) from the Finger Tap (0s to 1s) and Post Task (1s to 2s) coherence data (Rappelsberger et al.,
1994). Electrodes of interest for this analysis were C3 in the ipsilesional region, Fz in the frontal
region, and C4 in the brain contralesional region. The sensorimotor and frontal regions of the
brain demonstrate movement-related changes in activation and connectivity in healthy controls
and may show alterations related to stroke (Leocani et al., 1997). Therefore, we averaged tbCoh
values during the Finger Tap and Post Task for the connectivity between electrodes of interest
and other electrodes.

2.2.6 Statistical Analysis

For the cortical activation statistical analysis, we performed separate independent t-tests
(α = 0.05) between the stroke group and the controls for the Finger Tap and Post Task. The beta
ERD and beta ERS values were chosen at electrodes C3 in the contralateral/ipsilesional
hemisphere and C4 in the ipsilateral/contralesional hemisphere as they are at the center of the
hand sensorimotor region in each hemisphere. For each electrode, we calculated the area under
the curve above and below 0% change from baseline from 0s to 2s (since the timing of beta ERD
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and beta ERS varied for each participant, we looked at these values over the entire Finger Tap
and Post Task periods). Negative areas under the curve were designated as ERD (ERD C3 and
ERD C4), and positive areas under the curve were ERS (ERS C3 and ERS C4). We tested the
dependent variables for normality using the Shapiro-Wilk test and homogeneity of variance using
Levene's test.
For the connectivity statistical analysis, we performed a one-way Multivariate Analysis
of Variance (MANOVA) test for coherence between electrode pairs (C3: Fz, C3: C4, Fz: C3,
Fz: C4, C4: C3, and C4: Fz) for Finger Tap and Post Task.

2.3 Results

2.3.1 ERD Time Series

The average ensemble magnitude and time course of percent change in beta band power
relative to baseline for the stroke group and controls are shown in Figure 2.1. The beta ERD
average across controls (N=10) at C3 (over the contralateral cortex) during the Finger Tap
reached a maximum of 55% below baseline, and beta ERS average at C3 during Post Task was a
maximum of 55% above baseline. The stroke (N=10) beta ERD average at C3 and C4 (over the
ipsilateral cortex) during the Finger Tap reached a maximum of 48% and 52% below baseline,
respectively. C3 and C4 beta ERDs persisted post-cessation of the visual cue at 500ms, and
unlike the controls, ERS was not seen either at C3 or C4 electrodes in the stroke group.
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Figure 2.1: The beta band EEG time series. The percent change from baseline (-2s to 0s) was
ensemble-averaged across participants (N = 10, 7 females) for the stroke group and controls. The
cue onset for the Finger Tap was at 0s. The solid lines indicate beta band power changes for the
ipsilesional/contralateral data, and the dashed lines show beta band power changes for the
contralesional/ipsilateral data for the stroke group and controls, respectively. The negative
percent change from baseline denotes ERD, and the positive percent change from baseline shows
ERS.

2.3.2 Topographical Maps

Cortical activity observed using the beta ERD indicated a bilateral reduction in power
relative to baseline over brain sensorimotor cortical regions during Finger Tap in both groups
(Figure 2.2). In addition, Figure 2.2 shows the presence of beta ERS (shown using warm colors)
in the controls Post Task, which was not present in the stroke group.
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Figure 2.2: ERD and ERS topographical maps. The ensemble average of (N = 10, 7 females)
stroke group and controls were averaged for Finger Tap (0s to 1s) and Post Task (1s to 2s)
periods, where the ipsilesional/contralateral hemispheres for stroke groups and controls is the left
hemisphere. The cool colors show negative percent change from baseline or ERD, and warm
colors show positive percent change from baseline or ERS. The topographical map shows the
interpolation of values between each electrode to visualize the spatial map.

2.3.3 Spatial Distribution Maps

The spatiotemporal distribution of the beta ERD in controls and stroke for Finger Tap
showed a bilateral spread in the source localization map for the stroke group compared to controls
(Figure 2.3). The spatiotemporal distribution for controls showed a prominent beta ERS in the
contralateral hemisphere Post Task, which was absent in the stroke group.
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Figure 2.3: Source localized beta band (13-26Hz). ERD averaged across 0s to 1s (Finger Tap) and
1s to 2s (Post Task) (N = 10). Source localized data showing the distribution of ERD (percent
change from baseline) for the stroke group (bottom) and controls (top). The average Z-score
across participants for Finger Tap and Post Task and values above and below the z-score
threshold of ± 1 for each group are shown here. The negative values shown in cool colors
represent the ERD as % change from baseline, and the positive values shown in warm colors
represent the ERS. For reference, the area marked on the brain surface maps (black outline)
represents the M1 region (primary motor cortex) in both hemispheres.
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2.3.4 ERD Statistical Analysis

Significant differences in ERD and ERS were observed between the stroke group and
controls. The dependent variables (ERD C3, ERD C4, and ERS C3, which were the areas below
(ERD) or above (ERS) the baseline), were normally distributed (Shapiro Wilks tests) with
homogeneity of variance (Levene's test) in both groups. ERD C3 in the stroke group
(- 51.48±27.0 % change from baseline) showed a higher value than controls
(- 31.23±12.98 % change from baseline); the means were significantly different at
t (18) = 2.14, p = 0.047. ERD C4 in the stroke group (-51.57 ± 26.88 % change from baseline)
was significantly greater than ERD C4 in controls (-29.04 ± 18.27 % change from baseline),
t(18) = 2.19, p = 0.042 (Figure 2.4). Stroke participants also had significantly lower ERS C3
(7.41 ± 7.75 % change from baseline) compared to controls (44.17 ± 18.22 % change from
baseline), t (18) = 5.871, p < 0.001. As ERS C4 did not meet the independent t-test's normality
distribution assumption, we performed the nonparametric Mann-Whitney U test. Median relative
power for stroke and control groups were 8.9% and 12.1%, which was not significantly different
(Mann - Whitney U = 34, n1 = n2 = 10, p = 0.226).
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Figure 2.4: Percent change from baseline for electrodes C3 and C4 for the stroke group and
controls. The percent change from baseline has been averaged across participants for each group.
The negative area under the curve for both electrodes is denoted as ERD, and the positive area
under the curve is ERS. Error bars show +/- 1 standard deviation of the means, and significant
differences of p < 0.05 are shown using a star symbol.

2.3.5 Connectivity Across C3, Fz, and C4

Connectivity was assessed using tbCoh values for C3, Fz, and C4 during the Finger Tap
and Post Task. Topographic images of tbCoh between electrodes C3, Fz, and C4 and the rest of
the electrodes are shown in Figure 2.5. tbCoh values between each electrode with the rest of the
cortical regions formed similar spatial patterns in both groups during Finger Tap. However, the
connectivity was lower in the stroke group compared to controls. In controls Post Task,
connectivity measures between C3 and the frontal regions and Fz and the contralateral
sensorimotor region showed negative tbCoh values. There were no discernible connectivity
patterns between C3, Fz, or C4 electrodes and the rest of the brain in the Post Task period for
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participants with stroke. During Post Task, the functional connectivity patterns differed for
participants, resulting in averaged patterns with no pronounced connectivity in the stroke group.

Figure 2.5: Electrodes C3, Fz, and C4 task-based coherence (tbCoh) maps in the beta band. tbCoh
is the change in coherence from baseline (-2s to 0s) averaged across participants for Finger Tap
and Post Task in the stroke group (lower) and controls (upper). A. tbCoh for C3 in the
ipsilesional/contralateral region to other electrodes. B. tbCoh for Fz in the frontal region to other
electrodes. C. tbCoh for C4 in the contralesional/ipsilateral region to other electrodes. Negative
values shown in cool colors indicate a reduction in coherence from baseline. Positive values in
warm colors show increased coherence from baseline for Finger Tap (0s to 1s) and Post Task (1s
to 2s).

2.3.6 Connectivity Statistical Analysis

For coherence statistical analysis, we performed separate one-way MANOVAs for
Finger Tap and Post Task to test if coherence between electrode pairs of C3 – Fz, C3 – Fz, and
C4 – Fz are different between the stroke group and controls. The MANOVA assumption of
homogeneity of variance-covariance using Box’s M test (Box’s M = 6.76) was assumed
( F(6,2347) = 0.92, p = 0.48). Using Wilk’s criterion, the multivariate connectivity analysis for
Finger Tap was not significant (p = 0.49).
For Post Task, Box’s M test (Box’s M = 14.18) assumed homogeneity of
variance-covariance (F(6,2347) = 14.18, p = 0.072). The multivariate connectivity analysis for
Post Task was statistically significantly (F(3,16) = 4.64, p = 0.016, Wilk’s λ = 0.54,
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partial η2 = 0.47). A follow-up one way ANOVA for each electrode pair for Post Task showed a
significant difference between the stroke group and controls for electrode pair C3 – Fz
(F(1,18) = 6.21, p = 0.023) but not for electrode pair of C3 – C4 (p = 0.14), and
C4 – Fz (p = 0.73).

2.4 Discussion

2.4.1 Main Results

Our objective was to characterize cortical activation and connectivity changes during and
after cued Finger Tap. We also tested the hypotheses that cortical activation in people with stroke
continues to be present at the end of a task and that alterations in cortical connectivity affect the
ability to terminate the motor command in people with stroke. Post Task, cortical activity,
quantified as the change in the beta band (13-26Hz) power relative to baseline, showed a positive
inflection (ERS) in controls at the end of the task that was not present in stroke (Figure 2.1).
Further, cortical activity during the Finger Tap was spatially dispersed in the stroke group,
compared to controls (Figure 2.2 and Figure 2.3). Post Task decreases in task-based coherence
(tbCoh) between the ipsilesional sensorimotor regions, and the frontal regions of the cortex was
observed in controls, but not in people with stroke (Figure 2.5), suggesting a change in cortical
connectivity. These results suggest that alterations in cortical activity, and associated connectivity
between the sensorimotor and frontal cortices, might underlie clinical observations of prolonged
muscle activation in people with stroke.

2.4.2 Cortical Activation

Bilateral beta ERD in both the stroke group and controls during Finger Tap supports the
concept that both hemispheres contribute to the action stage of a motor task. The prevalence of
beta ERD in the contralateral hemisphere in healthy controls is well established (Formaggio et al.,
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2013; Leocani et al., 1997; Pfurtscheller et al., 1999; Snyder et al., 2019). However, Chen et al.
used repetitive Transcranial Magnetic Stimulation (rTMS) to briefly disrupt the ipsilateral motor
cortex during a sequence of finger movements and found timing errors even with simple
sequences (Chen et al., 1997), suggesting that both hemispheres contribute to a simple motor task,
like the EEG results in controls observed in the current study. Similarly, beta ERD was present in
both hemispheres in our stroke group. Changes in the spatiotemporal patterns and levels of
cortical activations during the acute and chronic stages post-stroke have been described using
functional magnetic resonance imaging (Calautti et al., 2007; J. R. Carey et al., 2002; Cramer et
al., 1997; Cramer & Crafton, 2006; Rehme et al., 2012), MEG (Rossini et al., 1998), and EEG
(Leocani et al., 2001; Platz, 2000; Rossiter et al., 2014; Steogonpień et al., 2011). Thus, we
expected a reduction in the magnitude of activation and a shift in activation to non-primary
sensorimotor regions of the brain. While the spatial distribution of beta ERD in the stroke group
was diffuse compared to controls, including non-primary sensorimotor regions of both
hemispheres, we did not observe a reduction in activation. The similarity between the stroke
group and controls may be due to our stroke group's low level of impairment, based on the Fugl
Meyer upper extremity scores (average Fugl Meyer scores: 57.33 ± 8.33 (max: 66); we did not
measure the Fugl Meyer in one participant due to participant-related constraints).
Differences in beta band ERS after the end of movement might underlie an inability to
terminate muscle contractions in people with stroke. In controls, return to synchronization or beta
ERS is associated with a return to the "idling state" (Pfurtscheller, 1992), an active inhibition of
motor network at the end of the task (Fry et al., 2016; Heinrichs-Graham et al., 2017), or sensory
feedback marking the end of the task (Cassim et al., 2001; Houdayer et al., 2006). Stroke
functionally alters the complex supraspinal and spinal architectures at different levels leading to
an inability to terminate muscle activation at task completion (Chae et al., 2002a, 2006; Seo et al.,
2009). In our study, we observed the presence of ERD until 1.5s post-movement offset and a lack
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of beta ERS in stroke participants that aligns with the upper extremity delays in the termination of
muscle activity reported in stroke survivors (Chae et al., 2002a; Seo et al., 2009).
Problems terminating muscle activity and the lack of ERS observed in the current study
might be related to a damage to somatosensory pathways in stroke survivors. While motor
deficits are more readily observed after stroke, functional outcomes are worse when patients have
motor and sensory impairments (L. M. Carey, 1995; Patel et al., 2000; Platz, 2000). These studies
highlight the impact of sensory problems on motor function in stroke survivors. The relay of
signals between the motor cortex, the periphery, and back to the motor cortex forms a closed
neural loop of beta oscillations that has even been suggested to underlie muscle synergies
(Aumann & Prut, 2015). In other words, beta oscillations are associated with the connections of
the motor cortex to afferent pathways involved in motor commands (Baker, 2007). In people with
spinal cord injury, ERS is attenuated following a brisk toe plantar flexion, possibly due to a
deficit in sensory feedback (Gourab & Schmit, 2010). ERS following ankle movement is reduced
in healthy adults when sensory feedback is attenuated using prolonged vibration (Lee & Schmit,
2018). Thus, the loss of somatosensory feedback after stroke could underlie the absence of ERS
in the current study; however, it is unlikely to be the only cause.
Losses in active inhibition of motor commands and resetting of motor regions to an idling
state after stroke likely contribute to the loss of ERS. According to Heinrichs-Graham and
colleagues, afferent sensory feedback and active inhibition work together to give rise to ERS at
the end of a task (Heinrichs-Graham et al., 2017). Similarly, Alegre and colleagues found
increased ERS following a cue of “no-go” and during the cue to inhibit movements suggesting
the involvement of networks associated with active inhibition at the end of the task (Alegre et al.,
2004). Parameters related to the complexity of the task or force generated relative to the task (Fry
et al., 2016) regulate the level of ERS in healthy adults, and both active and passive movements
also result in ERS (Cassim et al., 2001). ERS is also seen during imagined movements of feet
(Pfurtscheller et al., 2005) and hands (Pfurtscheller & Lopes da Silva, 1999) which might
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minimize the sensory feedback necessary for movement termination. Pfurtscheller and colleagues
imply that returning to an idling state or resetting cortical networks might result in ERS with
inputs from primary and non-primary motor networks (Pfurtscheller et al., 2005). As ERS is seen
during active, passive, or imagined movements, and found to be somatotopically arranged
(Salmelin et al., 1995), the delay in termination of cortical activation seen as lack of ERS in
stroke could be the result of lack of sensory feedback but changes to networks contributing to
active inhibition, or inability to reset to the “idling state” are likely to also play a role.

2.4.3 Cortical Connectivity

Connectivity between C3 (ipsilesional region), C4 (contralesional region), and Fz (frontal
region) in people with stroke are similar in pattern but lower in magnitude compared to controls,
suggesting an alteration in cortical networks after stroke. As our stroke group had mild to
moderate impairments, the change in coherence from baseline for C3, Fz, and C4 (Figure 2.5)
showed similar patterns as the controls during Finger Tap, although there were notable
differences. Magnetic resonance imaging (Crofts et al., 2011; Feydy et al., 2002; Grefkes et al.,
2008; Mintzopoulos et al., 2009; Rehme et al., 2011) and EEG (Bönstrup et al., 2018; De Vico
Fallani et al., 2009; Gerloff et al., 2006; Strens et al., 2004; Wu et al., 2015) studies have found a
reduction in intra-hemispheric and inter-hemispheric connectivity post-stroke. In individuals with
mild to moderate motor impairments, a change in connectivity occurs within pre motor and
supplementary motor areas in the lesioned hemisphere (Bönstrup et al., 2018; Gerloff et al.,
2006). Ipsilateral networks only play a supportive role during motor tasks int eh uninjured brain,
but if the primary motor cortex is lesioned, the ipsilateral networks can act as primary networks
(Feydy et al., 2002). These studies highlight the variable nature of connectivity changes seen in
stroke and how recovery tends to be individualized depending on the lesion location and
subsequent alterations in structural (Carmichael, 2006) and functional connectivity (Guggisberg
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et al., 2019). The reduced task-based connectivity for the stroke group seen in our study is
consistent with these previously reported changes to cortical connectivity in people with stroke.
Differences in connectivity between the sensorimotor cortices and the frontal cortex in
stroke participants (compared to controls) provide a potential mechanism for motor impairments
in people with stroke. The increase in connectivity between the motor cortices and the frontal
lobe during a motor task, followed by a decrease in connectivity following the task, occurs with
self-paced movements in healthy controls (Leocani et al., 1997). We saw a similar pattern in
controls in the current study; however, the connectivity between the frontal and sensorimotor
regions during a Finger Tap was substantially lower in stroke participants and did not show a
negative coherence after the task (Figure 2.5). Post Task, the negative coherence indicates a
decoupling of networks at the end of the task (Gerloff et al., 2006). This lack of modulation of
connectivity of the primary motor areas with frontal lobe regions near the supplementary motor
area could contribute to challenges in the initiation and termination of muscle activity in stroke
survivors.

2.5 Study Limitations

While we accounted and corrected for EEG data collection and analysis-related issues
such as movement artifacts and volume conduction, we could not eliminate all contaminations
due to muscle activity. It was difficult to separate EEG signal from EMG noise during analysis.
We secured the torso of the participants with straps to minimize trunk-related movements,
although we could not tightly secure the arm to the manipulandum due to electromyography
electrodes on the forearm of the participants. We monitored and minimized non-task-related
movements in participants. We also observed the participant to ensure that they performed the
task uniformly and according to the study protocol. However, we could not document the
movement level using EMG as it was impossible to isolate the muscle involved during the task.
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The participants with stroke had low levels of impairment
(average Fugl-Meyer = 57.33 ± 8.33) and could perform the task easily. However, as the presence
of ERD has been noted during active, passive, and imagined movements (Neuper et al., 2006;
Pfurtscheller & Lopes da Silva, 1999; Wörtz & Pfurtscheller, 2006), we cannot eliminate the
possibility of imagined movement if the stroke participants were mentally coaching themselves
during the study. Furthermore, we had a heterogenous group of stroke participants with varying,
albeit smaller degrees of impairment (including but not limited to motor impairments), so we
cannot eliminate any impairment-specific compensations that could not be readily.
Analysis of EEG data for activation and connectivity included the step of spatial filtering
using the surface Laplacian spherical spline algorithm (Kayser & Tenke, 2015; Perrin et al.,
1989) for reducing the volume conduction effect. However, the limitations imposed on EEG
signal analysis by choice of reference electrode cannot be ignored. We used the common average
reference, preferred for EEG analysis (Valdes-Sosa et al., 2017), for activation analysis but
averaged mastoid reference for connectivity analysis (Snyder et al., 2019). Volume conduction,
choice of signal length, and reference electrodes are some of the reasons that contribute to
erroneous estimation of EEG coherence during analysis (Nunez et al., 1997). We mitigated the
effects of these parameters by using an averaged mastoid (Rappelsberger et al., 1994), surface
Laplacian (Kayser & Tenke, 2006), and task-based coherence (Gerloff et al., 2006), in our
coherence analysis.
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CHAPTER 3: FATIGUE REDUCES CORTICAL ACTIVATION AT THE END OF A
PROLONGED ISOMETRIC CONTRACTION IN PEOPLE WITH STROKE

3.1 Introduction

The purpose of this study was to quantify fatigue-related changes in cortical activation in
people with stroke using electroencephalography (EEG). In addition to baseline weakness, stroke
survivors exhibit increased neuromuscular fatigue (activity-dependent reductions in force) in the
paretic limb that can limit task endurance (Hyngstrom et al., 2012; Knorr et al., 2011, 2012;
Kuppuswamy et al., 2015; Riley & Bilodeau, 2002; Swayne et al., 2008). Increased fatiguability
in stroke survivors might be due to declining cortical activation throughout long term muscle
contraction associated with (1) increased metabolic demand arising from the necessity for higher
cortical activity even for simple tasks due to damage to primary motor cortex (Cicinelli et al.,
1997; Rossini et al., 1998; Ward et al., 2003b) or direct damage to corticospinal tracts
(Lindenberg et al., 2010; Schaechter et al., 2009), in combination with (2) alterations to
neurovascular coupling (Krainik et al., 2005; Pineiro et al., 2002; Promjunyakul et al., 2013) that
could reduce the capacity for delivery of metabolites and oxygen necessary to meet metabolic
demands of long duration cortical activity. Even though a reduction in cortical activation with
fatiguing contractions might be expected in stroke survivors, this issue has been largely
unexplored. An improved understanding of the cortical mechanisms underlying fatigue would aid
in developing therapies that target cortical activation in people with stroke.
Neuromuscular fatigue and subsequent reduction in voluntary muscle contraction involve
both muscular (peripheral) as well as spinal and supraspinal (central) mechanisms (Gandevia,
2001); fatigue has been associated with central factors in stroke survivors. In healthy individuals,
both neural and muscular factors contribute to fatigue, but muscular mechanisms (e.g., build-up
of metabolic byproducts) play a primary role in limiting performance. Despite muscle
deconditioning (which would predispose the muscle to peripheral fatigue), fatigue in stroke
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survivors is associated with central mechanisms (Knorr et al., 2011, 2012; McManus et al., 2017;
Riley & Bilodeau, 2002). Fatigue has functional consequences in people with stroke; for example,
accelerated time to task failure (a measure of neuromuscular fatigue) in the paretic hip is
associated with gait and balance dysfunction (Hyngstrom et al., 2012). Mechanistically, fatigue of
the elbow flexors in stroke survivors produces greater decreases in voluntary activation of the
paretic limb than the nonparetic side based on measurements of maximal voluntary contractions
with an interpolated twitch (Riley & Bilodeau, 2002). Further, stroke survivors cannot increase
their central excitability to sustain a muscle contraction during fatigue of the paretic ankle
dorsiflexors compared to the nonparetic side based on motor evoked potentials and post fatigue
maximum voluntary contractions (Knorr et al., 2011). Reduced cortical drive during fatiguing
contractions could underlie these observations.
Electromyography (EMG) of fatiguing muscles provides additional evidence of central
fatigue in people with stroke. After fatigue, the mean power frequency and motor unit evidence of
transmission failure is altered more in the nonparetic and control elbow flexors than paretic
muscles suggesting greater peripheral fatigue in nonparetic muscle groups (Hu et al., 2006). In
addition, evidence for central fatigue in paretic muscle groups is suggested by higher firing rate
changes of motor units in the paretic dorsal interosseus muscle compared to the nonparetic and
control muscles in response to fatigue (McManus et al., 2016; Tarkka et al., 2020). These studies
collectively demonstrate that compared to controls or non-paretic muscles, paretic muscles have
increased central mechanisms of fatigue.
Changes in beta frequency (13-26 Hz) power of EEG reflects cortical activity associated
with motor tasks. Interacting assemblies of neurons oscillate in synchrony as a combination of
excitatory and inhibitory inputs from neurons in a cortical region leading to beta frequency
oscillations in EEG that are altered with brain activity associated with motor tasks (Lopes da
Silva, 1991). For example, during motor tasks, EEG power in the beta frequencies is decreased as
cortical neurons go out of synchrony (event-related desynchronization – ERD) at the onset of a
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task and increased with the return to synchrony (event-related synchronization – ERS) after the
task (Pfurtscheller et al., 1999; Pfurtscheller & Lopes da Silva, 1999). These organized,
event-related oscillations are ascribed to cortical processing (Crone et al., 1998; Pfurtscheller &
Aranibar, 1979) or afferent activity (Alegre et al., 2003) and produce a change in signal power in
beta frequency bands (Pfurtscheller & Lopes da Silva, 1999). EEG signal properties of
event-related phenomena are expected to be altered in neurological disorders such as stroke due
to underlying alterations in cortical activity. Hence, in stroke participants, the change in the
cortical drive at the end of a voluntary movement task, such as isometric wrist flexion, can be
visualized as the temporal and spatial mapping of the change in ERD across the brain (Gerloff et
al., 2006; Leocani et al., 1997; Leocani & Comi, 2006; Steogonpień et al., 2011).
In this study, our objective was to quantify changes in cortical activation after onset of
neuromuscular fatigue in individuals with stroke by measuring EEG during prolonged
submaximal wrist contractions. We collected EEG and wrist flexion torque data before and after
fatigue as participants performed submaximal visuomotor ramp and hold muscle contractions. We
quantified cortical activation (before and after fatigue) using the change in beta band (13-26Hz)
EEG power relative to baseline (Pfurtscheller & Lopes da Silva, 1999; Stancák & Pfurtscheller,
1996). We hypothesized that cortical activation would reduce post fatigue in participants with
stroke, consistent with central fatigue. We further expected that this reduction would be highest at
the end of the contraction due to difficulty maintaining cortical activation after a prolonged
submaximal wrist flexion in stroke survivors. In contrast, we expected that controls would
maintain cortical drive after fatigue due to peripheral mechanisms of fatigue.

3.2 Methods

Twenty eight participants, fourteen each for the stroke and control groups, came for a
single session fatiguing study comprised of ramp trials of isometric wrist flexion at 15% of their
maximum voluntary contractions performed before and after fatigue.
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3.2.1 Study Participants

Fourteen chronic stroke participants (> 6 months post-stroke with no other neurological
deficits) with varying degrees of impairment and their age-matched neurologically intact control
participants were included in the study. The stroke participants completed the study using their
paretic side, while the controls used their dominant arm. We excluded people with stroke from
the study if they could not perform wrist flexion unassisted. The level of impairment for all stroke
participants was computed using the Fugl Meyer upper extremity assessment (Fugl-Meyer et al.,
1975) (maximum of 66). All participants consented in writing to participate in the study per the
Institutional Review Board at Marquette University. Four datasets were removed from the
fourteen stroke datasets collected for the study due to noisy EEG, and one dataset was removed
due to noisy torque signals during wrist flexion. Even though the task for the study was
submaximal and the participants did not express difficulty in performing the task, the primary
source of noise in the EEG data post fatigue appeared to originate from muscle activity. We then
excluded a similar number of age-matched controls from the analysis. For our analysis we
included nine stroke participants (63.88±11.95 years old, 6 females) and nine controls
(62.77±12.45 years old, 6 females). Each control was gender matched and in the stroke
participant's age range of ±3 years. For stroke participant S501 we had difficulty finding a control
in the age range of ±3 years, so we included S606 as their age-matched control for this study.
Table 3.1 contains the demographics and clinical characteristics of the participants whose data we
have used for further analysis in this study.

Table 3.1: Demographic and clinical characteristics of stroke (s) participants and controls (C). The hand used for performing the task was
the paretic side for stroke participants and the dominant side for controls. The reported Fugl-Meyer value is the upper extremity motor
score (maximum of 66).
(Anatomical locations: ACA – Anterior Cerebral Artery, MCA – Middle Cerebral Artery)
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3.2.2 Study Apparatus

Participants sat in a fully adjustable chair and rested their study arm on a manipulandum
with a shoulder vertical abduction angle of 30 degrees and elbow flexion at 90 degrees to perform
the task (Figure 3.1). The shoulder was placed in a neutral position, with no flexion or extension
at the joint. In addition, the wrist position was neutral in flexion/extension with 30 degrees of
forearm supination.

Figure 3.1: Study setup for calculation of wrist torque. A. The top view shows the wrist position
relative to the load cell. The offset angle for wrist torque calculation is θ. Participants were
instructed to grip a handle (shown as a dotted black circle) to perform isometric wrist flexion
contractions. B. The side view shows the load cell and the handle in black. The x’ y’, and z’
indicate rotated references for force and torque calculations of the load cell. ‘r’ denotes the
translation along the x’ axis.

3.2.3 Study Measurements

Electroencephalography measurements: A 64-channel active electrode ACTi Cap (Brain
Products GmbH, Munich, Germany), set in the conventional 10-20 international electrodes
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system, was used for EEG data collection. The reference electrode was at FCz, and the ground
electrode was at AFz. The Cz electrode was placed in line with the frontal plane prearticular
points and the sagittal plane nasion and inion points to align the EEG cap to each participant's
head. SuperVisc gel (Brain Products, GmbH, Munich, Germany) was applied to the surface
electrodes to lower their impedances below 10kOhms. EEG signals sampled at 1kHz were
bandpass filtered (0.3 and 200Hz), notch filtered (60Hz), and amplified using the Synamps 2
EEG system and Scan 4.5 software (Compumedics® NeuroscanTM, Charlotte, USA).
Torque Measurements: A force-torque sensor (6 degrees of freedom)
(JR3, Inc., California, USA) was used to measure the forces and torques in the x, y, and z
directions. Force and torque values were sampled at 1000Hz. During all isometric contractions,
participants placed their wrist above the load cell while holding a gripper, and the forearm was
secured to the manipulandum using straps (Figure 3.1).

Wrist Torque (τwr) =
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+

′ ∗ !"

(3.1)

Participants placed their shoulder at an abduction angle at 30 degrees. The θ in joint torque
calculations in Equation 3.1 was the offset angle between the load cell and the manipulandum and
was measured to be at 30 degree rotation in the z axis (Figure 3.1.A.). Translation from the center
of the load cell to the wrist joint center (r) was measured in mm along the x’-axis (Figure 3.1. B).
Raw force (Fx, Fy, and Fz) and torque (Mx, My, and Mz) data were baseline corrected by taking
the median value of the first 200 datapoints of each file and subtracting that value from the rest of
the data. The baseline-corrected raw forces and torque were rotated and translated to calculate the
wrist torque (ττwr shown in Figure 3.1. A) using Equation 3.1. Maximum voluntary contraction
(MVC) for wrist flexion movement was calculated after baseline correction and rotationtranslation using Equation 3.1. The peak value from MVC wrist torques was calculated as the
median value within the maximum torque window (peak – 40 data points to peak +40 data
points). The wrist flexion MVC was used to normalize the wrist torques during Pre Fatigue and
Post Fatigue ramps which were used to provide visual feedback to the participant during the
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study. The normalized wrist torque signal was then divided into the 40 trial periods for further
analysis.

3.2.4 Study Protocol

Baseline: Baseline data for EEG were recorded for 3 minutes at rest with closed eyes.
Maximum voluntary contractions (MVCs) were recorded for wrist flexion torque using the study
arm at least three times, one minute apart. The maximum torque recorded was termed baseline
MVC. Pre Fatigue protocol: Each of 40 Pre Fatigue trials consisted of a 7s sustained isometric
wrist flexion at 15% of baseline MVC, preceded and followed by ramps of 3s each. Based on
recommendations for EEG recordings with voluntary muscle contractions (Pfurtscheller & Lopes
da Silva, 1999), the resting period between each trial was approximately 13s, part of which was
used for baseline normalization of EEG data. Fatigue protocol: Participants held their isometric
wrist flexion contraction at 50% of their baseline MVC. The participants were considered
fatigued if wrist flexion torque: 1) dropped below 40% MVC continuously for 3s or 2) dropped
below 40% more than ten times during a 5s period. The participants performed a 3s control MVC
every 30s during this sustained isometric hold. At the end of the fatiguing protocol, a control
MVC contraction of less than 50% baseline MVC led into the Post Fatigue protocol; if the
contraction was >50% MVC, the fatiguing protocol was repeated. Post Fatigue protocol: Post
Fatigue trials (at 15% MVC) were recorded in sets of 4, and control MVCs preceded and
followed each set to ascertain fatigue. Each set of 4 trials was repeated ten times to collect 40
trials. Post Fatigue trials (as described in the Pre Fatigue protocol) included a Ramp Up, Hold,
and Ramp Down using wrist flexor muscles at 15% of baseline MVC.
A custom LabVIEW (National Instruments Corporation, Austin, Texas) program
provided the visual target ramp for each task trial. The participant cursor was in the shape of a
bird that the participants could move up by performing wrist flexion and move down by relaxing
wrist flexion. The movement in the horizontal direction (from right to left) to simulate the
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movement of the bird (participant cursor) to the ramp was performed by moving the target ramp
on the screen from right to left. The movement of the target ramp in the horizontal direction on
the screen allowed us to set the speed with which the participants were expected to traverse the
ramp. The limitation, however, was that the participants could see the start of the ramp 1.5s
before the need for wrist flexion movement. In addition to displaying the target ramp and the
participant cursor, the software also generated digital pulses at the start of each trial for
Pre Fatigue/Post Fatigue to synchronize EEG and the torque data.

3.2.5 Data Analysis

EEG analysis: EEGLAB toolbox (version v13.4.4b & v2020.0) (Delorme & Makeig,
2004), FieldTrip (version 2020-11-26) (Oostenveld et al., 2011), and custom MATLAB scripts
(version 2016a & 2020a, MathWorks, Natick, Massachusetts) were used to analyze the EEG data.
We merged all Pre Fatigue and Post Fatigue trials to keep the preprocessing consistent. The
merged data were down-sampled from 1000Hz to 200Hz. All EEG data were then bandpass
filtered (1 – 50Hz) using a fourth-order IIR Butterworth filter with zero phase delay.
Precontraction baseline and task periods were extracted based on cue onset (t = 0) and used to
identify 40 trials. The manual rejection function of FieldTrip (ft_rejectvisual) was used to remove
outlier trials and noisy EEG channels from baseline-corrected trials (average # of trials/channels
removed: 10.78/2.89). The Adaptive Mixture Independent Component Analysis (AMICA)
(Palmer et al., 2011) function separated artifact signal components such as eye blinks and muscle
activity from signal components. These artifact signal characteristics identify noisy components
of the EEG signal (Delorme et al., 2012; Puce & Hämäläinen, 2017). Artifact components were
removed (average # of components removed: 14) and the remaining components were used to
reconstruct the signals with data interpolation for missing channels. EEG data were re-referenced
with a common average reference across all electrodes. Surface Laplacian values were then used
to minimize the volume conduction effect seen in surface EEG data. The CSD Toolbox (Version
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1.1) was used to compute the surface Laplacian using a spherical spline algorithm (Kayser &
Tenke, 2006; Perrin et al., 1989). The spherical spline algorithm is considered a more robust
estimate of the EEG montage's edge electrodes than the computation of surface Laplacian using
the local Hjorth estimate (Kayser & Tenke, 2015). The hemispheres were flipped for relevant
datasets so the brain left hemisphere would represent all participants affected sides. The
frequency range of interest for EEG analyses was the beta band of 13-26Hz. The precontraction
baseline period was defined as beginning at -8s before the cue onset (used to align EEG and
torque trials) till -5s before cue onset (-8s to -5s); pre task period was defined as -5s before cue
onset to -3s before cue; the task period was defined as -3s before cue onset (0s) to 18s post cue
(3s to 18s). For EEG and torque analyses, we chose 5 time windows, namely: Pre Ramp Up (-5s
to -3s), Ramp Up (-3s to 0), Hold (0 – 7s), Ramp Down (7s to 10s), and Post Ramp Down (10s to
13s) and examined the changes in cortical activation during each window, comparing the stroke
group to controls.
Activation analysis: The percent change in beta band power on the surface Laplaciancorrected EEG trials were used to estimate cortical activation. According to Pfurtscheller and
colleagues, changes in beta band power relative to baseline represent cortical activation during a
motor task (Pfurtscheller & Lopes da Silva, 1999). After filtering the beta band (13-26 Hz) using
an IIR fourth-order Butterworth filter at each electrode, the Hilbert transform was performed on
the amplitude of the filtered data before squaring the values to obtain power. The median across
all trials was calculated as a measure of the central tendency of the data while minimizing the
effects of any outliers. Finally, a percent change from baseline using Equation.3.2 was used to
normalize the beta power data for further analyses,

%

=

−

∗

(3.2)

where %Change(t) represented the percent change in beta power relative to baseline. A(t)
represented the power at each time point of the series, and R represented the averaged beta power
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across the baseline period (-8s to -5s before cue onset at t = 0). ERD reduces power relative to
baseline in cortical areas active during a motor task (Pfurtscheller et al., 1999; Pfurtscheller &
Lopes da Silva, 1999; Stancák & Pfurtscheller, 1996). Here, the beta ERD (13-26Hz) will be
expressed as %Change as shown in Equation 3.2.
Source localization of EEG data was performed using Brainstorm toolbox
(Version 3.4 - 19 May 2016) to visualize the spatial distribution of activation across the cortical
surface. For source localization, we used the EEG data corrected for volume conduction using the
surface Laplacian algorithm, and we flipped the hemispheres in some participants, so the left
hemisphere was the ipsilesional/contralateral side for the stroke/controls. The default MNI/Colin
27 anatomical brain template (Holmes et al., 1998) was used to compute each participant dataset
distributed current dipole maps. The inverse model for source localization was calculated in
Brainstorm using a depth-weighted minimum L2 norm estimator of cortical current density
(Hämäläinen & Ilmoniemi, 1994). The forward model (OpenMEEG) (Gramfort et al., 2010)
estimate was found using the boundary element model (BEM) before the computation of the
inverse model. Source localized data calculated for each trial for Pre Fatigue or Post Fatigue
periods of each participant were then bandpass filtered between 13-26Hz using a zero-phase
fourth-order Butterworth filter. Finally, Hilbert transformed filtered data were squared and
averaged across trials to obtain the power to calculate the ERD for displaying the source localized
EEG data.
Coefficient of Variation (CoV): To measure the variability in torque during the Hold time
window of the trial, we computed the CoV (standard deviation/mean torque) for each trial across
the time window of 0.5s to 7s. The fluctuations in torque during an isometric contraction can be
quantified using CoV as the variation increases with fatigue (Hyngstrom et al., 2012). The cue at
0s of each trial added an artifact at 0s. The artifact was mitigated using the ‘filloutliers’ function
(removes outliers within a defined window and linearly interpolates the missing data points from
the defined window) in MATLAB. The CoV was calculated during the Hold period from 0.5s to

48
7s, beginning at 0.5s to avoid possible residual artifact at 0s. The mean CoV for
Pre Fatigue/Post Fatigue and Stroke/Controls was computed as the average across trials.

3.2.6 Statistical Analysis

Each trial (for EEG and torque) for Pre Fatigue/Post Fatigue consisted of 5-time windows
for statistical analyses; namely, Pre Ramp Up (-5s to -3s), Ramp Up (-3s to 0), Hold (0 – 7s),
Ramp Down (7s to 10s), and Post Ramp Down (10s to 13s) for the stroke group and controls.
Based on our hypothesis, we expected changes in EEG and torque throughout the task, and these
windows allowed us to focus on changes during each stage of the task. Our objective was to
identify any task-related EEG/torque patterns for comparison between the stroke group and
controls.
For statistical EEG analysis, significant differences between mean changes in the beta
ERD (13 – 26Hz) during each of the 5-time windows were analyzed using a mixed
repeated-measures ANOVA. The Pre Fatigue and Post Fatigue time points were the
within-subject factor, and the stroke and control groups were the between-subject factors. The
averaged the beta ERD values across each time window at electrodes (FC3, C5, C3, C1, CP3) in
the ipsilesional hemisphere and electrodes (FC4, C2, C4, C6, CP4) in the contralesional
hemisphere were chosen for the analysis. At the onset of fatigue, imaging data of healthy controls
during motor tasks shows an increased activation in primary and non-primary sensorimotor
regions in both hemispheres (Johnston et al., 2001; Liu et al., 2006; M. Tanaka & Watanabe,
2012). We compared changes in each of the chosen electrodes mentioned above and looked at the
changes in aggregate in each hemisphere. The beta ERD values across the selected electrodes in
the left and right hemispheres were averaged, and the average referred to as E5LH and E5RH,
respectively. Paired sample t-tests (α = 0.05) were used to detect significant differences in mean
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ERD between the stroke group and controls for all electrodes, E5LH, and E5RH for each time
window based on a significant interaction effect.
Significant differences between mean changes in torque values were analyzed using a
mixed repeated-measures ANOVA for each time window mentioned previously. The Pre Fatigue
and Post Fatigue time points were the within-subject factor, and the stroke group and controls
were the between-subject factors. A significant interaction effect for the ANOVA would indicate
a group-dependent (Stroke vs Controls) difference in beta ERD and mean torque data before and
after the onset of neuromuscular fatigue. The trials eliminated during EEG analysis were marked
and removed for computation of mean torques. A median of mean torque trial was calculated
across trials to minimize the effect of outliers, consistent with the computation of the beta ERD.
Paired sample t-tests were used to identify significant differences between the stroke group and
the controls for the mean torque for each time window based on a significant interaction effect.
Mixed repeated measures ANOVA and the paired sample t-tests were performed with an
α = 0.005.
For slope analysis of beta ERD at time window of interest, we calculated the slope by
fitting a 3rd order polynomial to the set of beta ERD values within that time window for each
dataset. We then calculated the first-order differential of this smoother line and identified the
maximum slope for the beta ERD values. The maximum slope was used in a mixed model
repeated measures ANOVA for comparisons between group (Stroke vs. Controls) and time
(Pre Fatigue vs. Post Fatigue).
We also performed a linear regression analysis to explore the relationship between
change in the beta ERD (%) and change in mean torque for the time window of interest. The
change in the beta ERD and change in mean torque were calculated as a difference between
Post Fatigue data and Pre Fatigue data for the beta ERD and mean torque, respectively for the
values in each time window of interest. The time window of interest for the slope and correlation
analysis were chosen based on the statistical EEG and torque analysis.
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3.3 Results

3.3.1 Time-Frequency Maps @ C3 on the Ipsilesional Hemisphere

EEG power in the overall frequency range of 8 – 30Hz was examined to identify changes
in task-related power over the ipsilesional and contralesional hemispheres. Figure 3.2 (C-D)
shows the reduction in power over time across the frequency range of 8-30Hz at the C3 electrode
(ipsilesional hemisphere) for Pre Fatigue and Post Fatigue for the stroke group; Figure 3.2 (A-B)
shows the Pre Fatigue and Post Fatigue reduction in power for controls. We noted a reduction in
desynchronization for the alpha band (8-12Hz) in Post Fatigue (Figure 3.2. D) compared to
Pre - fatigue (Figure 3.2. C) in stroke participants across the pre ramp task (- 5s to - 3s) and the
task (- 3s to 10s). Contrarily, in controls the desynchronization increased Post Fatigue (Figure
3.2. B) compared to Pre Fatigue (Figure 3.2. A).
The beta band (13-30Hz) showed activation in the pre ramp task and the task, with
maximum desynchronization in the 13-26Hz frequency range. The Pre Fatigue for stroke showed
a higher synchronization (Figure 3.2. C ) than Post Fatigue (Figure 3.2. D). In contrast, the
opposite was noted in controls, in which greater desynchronization was observed Post Fatigue
(Figure 3.2. B) than Pre Fatigue (Figure 3.2. A).
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Figure 3.2: Time-Frequency plots for C3 electrode in the ipsilesional hemisphere. A. Pre Fatigue
power average across trials for controls. B. Post Fatigue power average across trials for controls.
C. Pre Fatigue average across trials in stroke. D. Post Fatigue power average across trials for
stroke. Ramp onset is at -3s with a task baseline period from -8s to -5s.

3.3.2 Torque vs. ERD

Figure 3.3. shows the ensemble averages of torques in the top half of the figure and beta
ERD in the bottom half of the figure for N = 9. Note that the wrist flexion torque preceded the
target ramp up and trailed the ramp down, which can be attributed to the size/shape of the cursor
icon and the background flow of the visual target. Both stroke datasets (Figure 3.3. B) and control
datasets (Figure 3.3. A) showed beta ERD, as indicated by Beta ERD (%). This beta ERD was
observed in the ipsilesional hemisphere for both groups and corresponded with the change in
torque. Pre Fatigue and Post Fatigue traces were similar for the baseline, pre-ramp, ramp up, and
hold phases in both stroke and control datasets. However, the controls showed an increase in beta
ERD (negative) during the post task at 10s, contrary to the reduction in the stroke dataset in
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(Figure 3.3.A). This reduction in beta ERD in participants with stroke corresponded with a
reduction in torque at the end of the task at 10s.
The beta ERD for E5LH (Figure 3.5. C) for the time window of Post Ramp Down (10s to
13s) showed a significant interaction effect of group (between-subject factor: Stroke vs Controls)
x time (within - subject factor: Pre Fatigue vs Post Fatigue) (F (1,16) = 7.41 p = 0.015). As the
other time windows: Pre Ramp Up (-5s to -3s), Ramp Up (-3s to 0s), Hold (0s to 7s), and Ramp
Down (7s to 10s) were not statistically different (data not included), we performed further
analysis on the Post Ramp Down time window. Paired sample t-tests indicated that Pre Fatigue
beta ERD was 13.98% higher than Post Fatigue beta ERD (p = 0.007). In contrast, beta ERD for
Pre Fatigue and Post Fatigue did not significantly differ for controls (p = 0.488). The beta ERD
for E5RH did not show any main or interaction effect (p = 0.078) even though paired-sample
t-tests between Pre Fatigue and Post Fatigue in stroke participants showed that Pre Fatigue was
9.06 % higher than Post Fatigue beta ERD (p = 0.045). Like E5LH, the beta ERD for Pre Fatigue
and Post Fatigue did not significantly differ for controls (p = 0.55).
To explore the influence of each electrode in the cohort that constituted the five
electrodes in E5LH and E5RH, individual mixed repeated measures ANOVA were performed for
all ten electrodes. On the right scalp, four of the five individual electrodes within E5RH were not
significant: FC4 (p = 0.096), C2 (p = 0.042), C4 (p = 0.109), C6 (p = 0.428), and
CP4 (p = 0.052), even though all showed a reduction in mean beta ERD percent change from
baseline for Post Fatigue compared to Pre Fatigue. The paired sample t-test for electrode C2
showed that Pre Fatigue stroke beta ERD was 10.35% higher than Post Fatigue beta ERD
(p = 0.003).
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Figure 3.3: Ensemble average torque traces and beta ERD for stroke participants and controls
(N = 9). A. The control dataset with mean torque across trials for each participant (top) and
percent change from baseline (bottom). B. Stroke dataset with mean torque across trials for each
participant (top) and percent beta band change from baseline (bottom). Percent change from
baseline for both datasets is the average across five electrodes in the ipsilesional hemisphere
(FC3, C5, C3, C1, and CP3) and is referred to as E5LH.
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The beta ERD (Figure 3.5. A ) for four of the five individual electrodes within the E5LH
were significantly different for stroke vs. control groups on the left scalp. The interaction effect
on beta ERD at FC3 was not significant (F (1,16) = 4.36, p = 0.053); however, the paired sample
t-tests indicated that Pre Fatigue beta ERD for stroke was 10.91% higher than Post Fatigue beta
ERD (p = 0.047). The interaction effect on beta ERD at C5 was significant (F (1,16) = 4.49,
p = 0.050) and the paired sample t-tests indicated that Pre Fatigue beta ERD for stroke was
significantly higher than Post Fatigue beta ERD at 12.12% (p = 0.038). The interaction effect on
beta ERD at C3 was significant (F(1,16) = 8.72, p = 0.009) and the paired-sample t-tests indicated
that Pre Fatigue beta ERD for stroke was significantly higher than Post Fatigue beta ERD at
17.4% (p = 0.005). The interaction effect on beta ERD at C1 was significant (F(1,16) = 9.50,
p = 0.007) and the paired sample t-tests indicated that Pre Fatigue beta ERD for stroke was
significantly higher than Post Fatigue beta ERD at 14.07% (p = 0.003). The interaction effect on
beta ERD at CP3 was significant (F(1,16) = 4.61, p = 0.047) and the paired sample t-tests
indicated that Pre Fatigue beta ERD for stroke was significantly higher than Post Fatigue beta
ERD at 15.42% (p = 0.023). Paired sample t-tests of Pre Fatigue and Post Fatigue for controls
showed no significance for all ten electrodes (Left Hemisphere FC3: p = 0.47, C5: p = 0.60,
C3: p = 0.49, C1: p = 0.36, CP3: p = 0.69) (Right Hemisphere FC4: p = 0.33, C2: p = 0.47,
C4: p = 0.72, C6: p = 0.61, CP4: p = 0.98).
The beta ERD for controls in Figure 3.3.A showed a steeper decline in Pre Fatigue
compared to Post Fatigue. Contrarily, the beta ERD for the stroke group in Figure 3.3.B showed a
steeper decline for Post Fatigue than Pre Fatigue, indicating a difference in Post Ramp Down
slope between the two groups before and after fatigue. Hence, the slope analysis (see Figure 3.4)
was performed for the time window of Post Ramp Down. The interaction effect for the maximum
slope was statistically significant, indicating that the Pre Fatigue and Post Fatigue maximum
slopes differed between the two groups (F(1,16) = 5.57, p = 0.031). In controls, the Post Ramp
Down slope reduction corresponded with an increase in the beta ERD Post Fatigue. Similarly, in
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stroke, the increase in Post Ramp Down slope corresponded with the beta ERD Post Fatigue
reduction. Paired sample t-tests indicated that Pre Fatigue maximum slope for controls was
10.39% higher than the Post Fatigue maximum slope (p = 0.009). In contrast, the maximum slope
for Pre Fatigue and Post Fatigue did not significantly differ in the stroke group (p = 0.28).
The mean torque (Figure 3.5. B) values for the Post Ramp Down of 10s to 13s showed a
significant interaction effect of group (between-subject factor: Stroke vs Controls) x time
(within-subject factor: Pre Fatigue vs Post Fatigue) (F (1,16) = 7.41 p = 0.015). Paired sample
t-tests between Pre Fatigue and Post Fatigue for mean torque between 10s to 13s for stroke
(p = 0.069) and control (p = 0.288) did not show a significant difference, likely due to high
variability in both groups. The mean CoV across trials during the Hold (0.5s to 7s) was higher
Post Fatigue than Pre Fatigue in both stroke and control datasets, but there was no statistically
significant interaction effect based on the mixed repeated measures ANOVA (p = 0.327).
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Figure 3.4: Maximum ramp down slope of the beta ERD in the ipsilesional/contralateral
hemisphere between 10s to 13s for N = 9 in the stroke group and controls. The circles are
individual maximum slopes in each dataset (Green: Controls, Blue: Stroke). Error bars denote the
mean +/- 1 standard deviation; a star indicates a significant difference for the interaction effect
(* indicate p < 0.05).
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Figure 3.5: Mean torques and beta ERD (13-26Hz) for Post Ramp Down time window of 10s to
13s.A. Mean beta ERD across participants (N = 9) for electrodes FC3, C5, C3, C1, and CP3 for
stroke group and controls. B. Mean torques across participants. C. Mean beta ERD at E5LH in the
ipsilesional hemisphere. The average of the five electrodes (shown in A) is aggregate E5LH.
Error bars denote +/- 1 standard deviation about the mean significant difference for the interaction
effects are indicated by starts (* indicate p < 0.05).

The correlation scatterplot (Figure 3.6) suggested a linear relationship between the
change in the beta ERD and change in mean torque. We found that change in beta ERD was
significantly correlated with the change in mean torque (R2 = 0.268, F(1,16) = 5.86, p = 0.028).
S508 dataset was identified as an outlier as the datum was more than 3 standard deviations away
from the mean of the group. After removing this dataset from the analysis, the linear regression
analysis was repeated. The scatterplot (Figure 3.6) maintained the linear relationship between the
change in the beta ERD and was significantly correlated with the change in mean torque
(R2 = 0.457, F(1,15) = 12.605, p = 0.003).
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Figure 3.6: Correlation scatterplot for change in the beta ERD (%) and change in mean torques
(Controls, N = 9, Stroke, N = 9). The fit line with the outlier in the figure represents the fit line
for the total data of N = 18. The fit line without the outlier represents the fit line for the total data
of N = 17. The outlier marked with the red circle is the stroke dataset (S508) and was removed as
the change in torque data was more than 3SD from the mean of the N = 18.

3.3.3 Topographical Maps and Spatial Distribution for Post Fatigue

Averaged beta ERD at 13-26Hz for 10s to 13s was visualized topographically (Figure
3.7.A) and as source localized data (Figure 3.7.B). Percent change from baseline was the largest
in the control's contralateral hemisphere but was bilateral in the stroke group. The topographical
distribution of beta ERD showed a reduction in activation Post Fatigue in stroke. Similarly,
source localization shows that the spatiotemporal distribution of beta ERD increased Post Fatigue
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in the contralateral hemisphere of controls. Source localization also showed a bilateral reduction
in beta ERD Post Fatigue in the stroke group.

Figure 3.7: Topographical and source localized beta band (13-26Hz) ERD averaged across 10s to
13s (Post task) (N = 9). A. Topographical map showing the distribution of beta ERD across all 64
channels. The contralateral hemisphere and ipsilesional hemisphere for control and stroke data,
respectively, is the left hemisphere. The five dots on the left hemisphere represent the five
electrodes for E5LH. B. Source localized data showing ERD distribution (percent change from
baseline). The average z-score across participants (for Pre Fatigue and Post Fatigue) and values
above and below the z-score threshold of ± 0.5 for each group are shown. For reference, the area
marked on the brain surface maps (black outline) represents the M1 region (primary motor
cortex) in both hemispheres. For A and B, the negative values in cool colors represent the ERD as
%Change from baseline.

3.4 Discussion

3.4.1 Main Results

In this study, we quantified the changes in cortical activation due to fatigue during
prolonged submaximal isometric wrist flexion. We hypothesized that fatigue would reduce
cortical activation near the end of the task in participants with stroke. The results demonstrated
that controls increased cortical activation after fatigue while maintaining a similar controlled and
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graded reduction in torque at the end of an isometric ramp and hold task (Figure 3.3.A). In
comparison, participants with stroke decreased cortical activation, which was reflected as a
reduction in torque late in the test contractions, during the ramp down portion of the task (Figure
3.3.B). This divergence in cortical activation between the stroke group and controls was
significantly different at the end of the prolonged ramp and hold task in the ipsilesional
hemisphere (Figure 3.5.C and Figure 3.7). The reduction in cortical activation at the end of the
prolonged ramp and hold task after fatigue in stroke participants suggests the presence of central
fatigue at the cortical level.

3.4.2 Measuring Neuromuscular Fatigue in People with Stroke

This study is the first known to document changes in cortical activation associated with
fatigue in people with stroke. Changes in muscle activation or force generation in the paretic
muscles of people with stroke suggest the involvement of central factors (Knorr et al., 2011;
Kuppuswamy et al., 2015; McManus et al., 2017; Riley & Bilodeau, 2002; Swayne et al., 2008).
Indirect evidence for the involvement of the motor cortex in fatigue has been demonstrated by
measuring the response to TMS at the onset of fatigue in people with stroke (Knorr et al., 2011);
however, direct measures of the change in cortical activation have not been made using EEG.
Using EEG studies to observe the temporal changes in cortical activation and spatial distribution
using source localization has been established in people with stroke (Leocani & Comi, 2006;
Rossiter et al., 2014). To document changes in EEG associated with fatigue, a unique approach
was used to overcome the challenges in obtaining quality data with fatiguing muscle contractions.
In the current study, EEG signals were measured during a low level ramp and hold
contraction before and after fatigue, which enabled recordings of EEG, but raises questions about
the relation of the signals to fatigue itself. While maximal isometric contractions indicate a
reduction in muscle voluntary activation due to central factors, submaximal contractions of
15% MVC also show the same (Søgaard et al., 2006; Taylor & Gandevia, 2008). In our study,
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participants performed fatiguing contractions at 50% MVC. Recording EEG during the fatiguing
contraction would have resulted in EMG noise contaminating the EEG data, as higher levels of
contraction produced greater activation of stabilizing muscles that increased noise in pilot
experiments. Also, people with stroke generate lower levels of MVC using their paretic limb than
their non-paretic side, leading to longer time to task failure (Hyngstrom et al., 2012). To achieve a
reasonable time to task failure, we included a maximal voluntary contraction every 30s during the
fatiguing contractions (50% MVC). We used MVC measurements after every four ramp trials to
ensure that the participant remained fatigued and repeated fatiguing contractions if the participant
was no longer fatigued. For our analysis we did not use the EEG data during the fatiguing
contractions and focused on the EEG recordings collected during the ramp tasks performed
before and after the fatiguing contractions, as they yielded relatively clean EEG with minimal
non-task related movements.

3.4.3 Cortical Activation in Controls

After fatigue, controls increased cortical activation of the contralateral cortex, possibly as
compensation for inhibitory sensory feedback from the fatigued muscle. Specifically, sensory
feedback from small-diameter muscle afferents inhibits the contralateral sensorimotor cortex
during fatiguing contractions (Amann et al., 2011). Despite this inhibition, brain activity
measured using fMRI increases during fatiguing contractions to maintain muscle force output,
including primary motor areas of the contralateral cortex, as well as nonprimary motor areas and
ipsilateral cortical regions (Liu et al., 2003). Similar increases in brain activity with fatigue have
been documented by EEG measurements of motor potentials (Johnston et al., 2001). Our
observations of increased beta ERD in the ipsilateral cortex with fatigue, and decreased slope in
the Post Ramp Down in controls is consistent with these prior reports. The maximum slope of
beta ERD was larger in controls Pre Fatigue (Figure 3.4), implying an optimal activation pattern.
In other words, the larger value of the maximum slope at the end of a prolonged submaximal
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contraction Pre Fatigue in controls (at 12-13s) implied that the controls efficiently reduced
cortical activation during targeted reductions in muscle force before fatigue. However, the
reduction in maximum slope Post Fatigue is consisted with prolong cortical activation, potentially
due to neuromodulatory influences or broader networks that promote continued activity. Hence
the reduction in maximum slope Post Fatigue could indicate that controls are able to increase
cortical activation to overcome sensory feedback inhibition and decreased muscle forces
associated with fatigue.
At the onset of fatigue, the contralateral primary motor areas also receive excitation from
active premotor and supplementary motor areas in the contralateral hemisphere and the ipsilateral
sensorimotor areas (Johnston et al., 2001; Liu et al., 2006; Schillings et al., 2006). These
observations are consistent with our data, as the controls showed bilateral activation with
increased activation in the contralateral hemisphere Post Fatigue (Figure 3.3.A, and Figure 3.7).
The activation of regions other than the primary contralateral sensorimotor regions could be due
to facilitatory inputs in response to sensory feedback inhibition or a result of a global increase in
recruitment of brain regions with excitatory drive to the target motoneurons (Liu et al., 2006; M.
Tanaka & Watanabe, 2012). The facilitatory inputs in response to sensory feedback inhibition at
the onset of fatigue can be categorized as motivational inputs from frontal areas such as
Pre Frontal Cortex and Orbitofrontal Cortex (Liu et al., 2003; M. Tanaka & Watanabe, 2011,
2012). The topographical and source localized maps for controls Post Fatigue (Figure 3.7)
showed increased activation in both hemispheres' frontal regions, indicating a possible role of
motivational inputs in increased cortical activation in the ipsilateral hemisphere Post Fatigue in
controls.

3.4.4 Cortical Activation in Stroke

Cortical reorganization after stroke likely increases the metabolic costs of motor tasks.
Figure 3.3Activation of the brain's primary and non-primary sensorimotor regions in both
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hemispheres was seen before the onset of fatigue (Figure 3.7), reflecting cortical reorganization
after stroke. This extensive activation of cortical areas in people with stroke likely increases the
cortical metabolic costs of the task, as more regions of the brain are active. In addition, the
activation of brain regions outside the primary contralateral sensorimotor cortex leads to
abnormal coactivation of muscles that results in increased peripheral metabolic demands. The
maximum slope of beta ERD between 10s to 13s for the stroke group in the contralateral
hemisphere was smaller than controls for Pre Fatigue (Figure 3.4), consistent with increased
cortical activation, likely due to the activation of more brain areas compared to controls during
Pre Fatigue. This increased activation would result in a lower reserve of cortical resources for
compensatory brain activation in people with stroke. Hence, the maximum ERD slope was larger
Post Fatigue than Pre Fatigue in the stroke group, implying a reduction in compensatory cortical
activation in the contralateral hemisphere at the end of the prolonged task.
The observed reduction in cortical activation after fatigue in the stroke group could be
due to an impaired ability to increase cortical activity through motivation inputs, especially at the
end of a prolonged isometric contraction. Studies in healthy controls have associated motivational
inputs to increased activation of frontal areas of the cortex that results in a bilateral increase in
activation of the sensorimotor areas (Liu et al., 2003; M. Tanaka & Watanabe, 2011). Contrary to
controls, people with stroke (Figure 3.7) showed increased bilateral activation in the sensorimotor
and frontal areas during Pre Fatigue, which might have resulted in an increase in use of metabolic
resources. While controls might increase the motivational inputs and consequently, the bilateral
cortical activation of the sensorimotor areas, people with stroke likely cannot increase either at
the onset of fatigue, since these brain areas are already active Pre Fatigue.
Reduction in cortical activation at the end of the prolonged task after fatigue could also
be due to changes in neurovascular coupling in stroke survivors. The neurovascular coupling
between metabolic demand and blood supply is disrupted in people with stroke (Girouard &
Iadecola, 2006). We expect a reduction in the supply of blood and nutrients in the regions directly
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affected by stroke, but regions untouched by lesions also show a change in neurovascular
coupling (Krainik et al., 2005; Pineiro et al., 2002). Specifically, blood oxygen level-dependent
(BOLD) signals obtained using functional magnetic resonance imaging (fMRI) during unimanual
and bimanual tasks indicate a reduction in activity-dependent response in the ipsilesional primary
and non-primary sensorimotor cortices (Krainik et al., 2005). Furthermore, a lower BOLD
increase (associated with hemodynamic response) is seen in the lesioned and the non-lesioned
sensorimotor regions during a sequential finger-tapping task (Pineiro et al., 2002). The decreased
BOLD response to motor tasks might reflect a lower concentration of cortical activity, consistent
with the slightly lower beta desynchronization we observed over the ipsilesional cortex in the
current study (Figure 3.5). However, BOLD fMRI signals demonstrate a different temporal
profile when comparing people with stroke to controls (Promjunyakul et al., 2013). Using
near-infrared spectroscopy (NIRS), Sakatani and colleagues observed a disparity between BOLD
responses to motor tasks and cortical oxygenation measured by NIRS in people with brain lesions
compared to controls, suggesting a change in the cerebrovascular response to activity after a
stroke (Sakatani et al., 2003). Changes in the neurovascular response after stroke might impact
the ability to meet metabolic needs following prolonged cortical activation.
The observed increases in ERD in controls after fatigue, with a contrasting decrease in
ERD after fatigue in stroke participants, indicates a stroke-induced change in the cortical response
to fatiguing contractions. Three possible mechanisms that could account for the changes in
cortical response to fatigue in people with stroke include 1) a change in the impact of sensory
feedback on cortical activity in primary motor areas, 2) an impaired capacity to compensate for
fatigue using motivational inputs, and/or 3) changes in the neurovascular coupling that impact
metabolic pathways for maintained neural activity. First, the increased cortical activation in
controls could be due to increased excitation in response to sensory feedback. However,
somatosensory impairments might have restricted this excitation in the participants with stroke.
Similarly, increased activation in controls might result from an increased drive from nonprimary
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sensorimotor regions, while in participants with stroke these areas (contralesional cortex and
premotor and supplemental motor areas of the ipsilesional cortex) appeared to already be active
before fatigue. This overuse of resources would suggest that people with stroke lack the
excitatory reserve to increase cortical activity after fatigue. Lastly, increased cortical activation in
our stroke group at baseline and impaired neurovascular coupling could have limited the
metabolic capacity to maintain neural activity in people with stroke.

3.5 Study Limitations

While we accounted and corrected for EEG data collection and analysis-related issues
such as movement artifacts and volume conduction, we could not eliminate all EMG noise as it
was difficult to separate signal from noise during EEG analysis. We secured the torso of the
participants with straps to minimize the need for stabilizing muscle activity of the trunk, but we
could not secure the arm to the manipulandum without interfering with load cell measurements.
We monitored and minimized any non-task-related muscle activity but could not eliminate the
possibility of non-task-specific changes in cortical activity, especially after the fatiguing
contractions.
The MVC generated during paretic muscle contractions is lower than that generated
using the non-paretic side (Hyngstrom et al., 2012; Knorr et al., 2012). We verbally encouraged
the participants to generate maximum contractions and repeated these data collections multiple
times to get an accurate measurement, but the MVC may not have been the maximum level
possible. We mitigated this by including MVCs every 30s during the fatiguing contractions.
Therefore, we believe that the participants were fatigued while performing after fatigue tasks.
This study allowed us to measure EEG-related changes due to neuromuscular fatigue, but
the complexity of performing a distal muscle contraction (wrist flexors) allowed inclusion of only
high functioning stroke participants who demonstrated low stroke-related impairments. Varying
the study task to include proximal muscle contractions such as elbow flexion/extension or
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shoulder abduction/adduction would allow testing in participants with higher levels of motor
impairments; this is an area for future exploration.
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CHAPTER 4: REMOTE ISCHEMIC CONDITIONING INCREASES CORTICAL
ACTIVATION IN STROKE

4.1 Introduction

This study aimed to demonstrate that remote ischemic conditioning (RIC) alters cortical
activation in people with stroke using electroencephalography (EEG) during a complex
visuomotor isometric task. Among stroke therapies focusing on neurorehabilitation, RIC
(a non-invasive technique involving multiple repetitions of constriction and reperfusion) is well
tolerated by people with stroke and has shown promise to improve gait, muscle activation, and
fatiguability (Durand et al., 2018; Hyngstrom et al., 2018). In addition, improvements in exercise
performance and enhanced motor learning (Bailey et al., 2012; Crisafulli et al., 2011; Cruz et al.,
2016; de Groot et al., 2010; Jean-St-Michel et al., 2011; D. Tanaka et al., 2016) supports the use
of RIC as a therapeutic rehabilitation tool. RIC emulates exercise-induced changes such as
increased vasodilation of smooth muscles (de Groot et al., 2010), increased efficacy of
excitation-contraction coupling in the muscles (Bailey et al., 2012; Crisafulli et al., 2011), and
decreased perception of effort and fatigue (Crisafulli et al., 2011; Cruz et al., 2015, 2016). In
addition to humoral pathways, RIC may affect changes via the neural activity by stimulating the
small muscle diameter group III and IV muscle afferents to release neuromodulators that heighten
neural activity (Cruz et al., 2017; Hyngstrom et al., 2018; Lim & Hausenloy, 2012; Sharma et al.,
2015; Taylor et al., 2016). Although increases in excitation could occur anywhere along the
neuroaxis, the purpose of this study was to understand the effect of RIC on cortical contributions
to motor tasks in people with stroke.
Cortical reorganization and use of alternate descending neural pathways combine to
reduce efficient and targeted activation of muscles and lead to abnormal synergies in people with
stroke. Specifically, the shift in cortical activation to non-primary and alternate brain regions due
to cortical reorganization (Chollet et al., 1991; Cramer & Crafton, 2006; Rossini et al., 1998;
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Ward et al., 2003a; Ward & Cohen, 2004) and shifts in the use of descending pathways (Dewald
et al., 1995; Karbasforoushan et al., 2019; McPherson, Chen, et al., 2018) from corticospinal
tracts to alternates such as reticulospinal tracts result in the loss of individuated muscle
movement. To understand the effect of cortical changes on muscle synergies, Yao and colleagues
used EEG to document increased overlap of cortical representations for shoulder and elbow
during multijoint isometric contractions and associated cortical overlap with increased synergy
expression and loss of individuation (Yao & Dewald, 2018). Further, observed cortical activation
of the contralesional sensorimotor cortex and secondary motor areas is suggested to activate
alternate descending pathways such as the reticular pathway leading to an abnormal expression of
synergy in people with stroke (Yao et al., 2009; Yao & Dewald, 2018). This experimental model,
which measures EEG during static, multijoint motor tasks of the elbow and shoulder, provides
useful information about motor control in people with stroke and can be used to assess the effects
of interventions aimed at improving brain activation.
In this study, our objective was to characterize the effects of RIC on brain activity during
a multijoint isometric visuomotor tracking task of the arm before and after a single session of RIC
applied to the paretic leg. We collected EEG, electromyography (EMG), and isometric torque
data during a two-dimensional visuomotor torque tracking task involving isometric shoulder
ab/adduction and elbow flexion/extension. We compared changes in brain activity and tracking
performance between RIC and Sham sessions. Each stroke participant came in for both sessions
when we performed five occlusions and reperfusions with occlusion pressure of 225 mmHg for
RIC and 25 mmHg for Sham. RIC session data were compared to the Sham session as each
chronic stroke participant performed both sessions. Participants performed the visuomotor
tracking task before and after each session, and we quantified cortical activation using the change
in EEG power to baseline in the beta band (13-26Hz) (Pfurtscheller & Lopes da Silva, 1999;
Stancák & Pfurtscheller, 1996). Our hypotheses were: 1. RIC increases cortical activation
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compared to Sham and . 2. RIC increases elbow and shoulder torques and muscle activation to
improve visuomotor task performance.

4.2 Methods

Fifteen chronic stroke participants came in for two test sessions, and we recorded EEG,
torque, and EMG data before and after an RIC or Sham intervention. Test sessions were at least
four days apart, and the first session was either RIC or Sham, chosen at random.

4.2.1 Study Participants

The data from 12 of the 15 chronic stroke participants (> 6 months post-stroke with no
other neurological deficits) (54.57±13.95 years old, 9 Females) with varying degrees of
impairment were analyzed. Three datasets were removed due to noisy EEG, noisy EMG, or
changes in performance due to botulinum neurotoxin A therapy between sessions. The stroke
participants completed the study using their paretic side for both test sessions. We excluded
participants from the study if they could not flex or extend at their elbow or abduct and adduct
their shoulder unassisted. All stroke participant impairment level was computed using the
Fugl Meyer upper extremity assessment (maximum of 66) (Fugl-Meyer et al., 1975). Table 4.1
contains the demographics and clinical characteristics of the participants. All participants
consented in writing to participate in the study per the Institutional Review Board at Marquette
University in agreement with Declaration of Helsinki .

Table 4.1: Demographic and clinical characteristics of stroke (S) participants that were analyzed. The arm used for performing the study task was
their paretic side and each participant completed the RIC and Sham sessions. The reported Fugl-Meyer value is the upper extremity motor score
(maximum of 66). (Anatomical locations: MCA – Middle Cerebral Artery) (Gender: F - Female, M - Male).
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4.2.2 Study Apparatus

Participants sat in a fully adjustable chair and rested their study arm on a manipulandum
with a shoulder abduction angle of 40 - 45 degrees and elbow flexion at 90 degrees to perform the
study task. The shoulder flexion/extension angle was neutral (0 degrees), and the wrist position
was neutral flexion/extension, neutral radial/ulnar deviation and neutral pronation/supination.

4.2.3 Study Protocol

Each participant completed a familiarization before starting the randomly assigned test
session (either RIC or Sham). For familiarization, participants were acquainted with the study
protocol and the visuomotor task and continued until the participant felt comfortable performing
the task. The purpose of the familiarization session was two-fold; first, to minimize the learning
effect in the data collected during the RIC/Sham sessions, and second to monitor and minimize
any non-task-related muscle activation during the task.
The test paradigm consisted of a multijoint visuomotor task involving combined shoulder
abduction/adduction and elbow flexion/extension isometric contractions (Figure 4.1). Shoulder
abduction/adduction and elbow flexion/extension torques were measured (see below) and
displayed on a video monitor placed at eye level in front of the participant. Joint torques were
converted to cursor position with elbow flexion/extension mapped to the horizontal direction and
shoulder abduction/adduction in the vertical direction. For right-handed participants, elbow
flexion caused cursor movement to the left; elbow extension torque caused movement to the
right. For a left-handed participant, elbow flexion torque caused cursor movement to the right,
and elbow extension torque caused movement to the left. The shoulder abduction torque caused
an upward cursor movement for all participants, and the shoulder adduction caused a downward
movement. Maximum voluntary contractions (MVCs) for each isometric elbow flexion, elbow
extension, shoulder abduction, and shoulder adduction were performed 3x – 6x. One minute rest
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was provided between each maximum contraction, and the MVCs were not repeated more than
6x to minimize the risk of fatigue.
For Pre RIC/Sham session, participants were asked to follow a target on the video
monitor, tracing an infinity pattern. To follow the target, participants were asked to produce
combined shoulder abduction/adduction and elbow flexion/extension torque (see above). The
Pre RIC/Sham infinity trials totaled 108 circles (54 cycles each for elbow flexion and elbow
extension) and were collected as three sets of 36 trials. The infinity tracking started at the center
between the two circles. Directions for the start of the movement were randomly assigned as
clockwise or counterclockwise, and this assignment lasted three iterations of the infinity pattern.
We included a rest period of 10s between each change of direction, and the portion of the rest
period when activity was minimized was used as the baseline period for data analysis.
After completing the Pre RIC/Sham session, participants were moved to a comfortable
chair for an RIC/Sham intervention. While the participants remained seated, a blood pressure cuff
was placed high on the thigh of the paretic leg and secured using a Velcro strap. Depending on
the randomly assigned study session, the blood pressure cuff was inflated to 225 mmHg for RIC
or 25 mmHg for the Sham intervention for 5 minutes, and then deflated for 5 minutes. The
occlusion/reperfusion cycle was repeated five times to complete the RIC/Sham intervention. At
the start of each deflation of the blood pressure cuff, participants rated their pain on a scale of
1-10. While the participants acknowledged discomfort with the RIC intervention, they completed
all sessions. We wanted to eliminate therapy-related bias as the participant could easily
differentiate between the RIC and Sham interventions depending on the occlusion pressure.
Therefore, we referred to the RIC as high pressure and the Sham as low-pressure intervention and
informed the participants that we are testing the effects of high pressure and low-pressure on task
performance.
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Figure 4.1: Infinity study protocol for each test session. Submaximal isometric contractions
performed up to 15%MVC for Pre RIC/Sham and Post RIC/Sham sessions. Elbow flexion torque,
for right-hand individuals (as shown in figure insert), produced left cursor movement (negative
x-direction), elbow extension produced right cursor movement (positive x-direction), shoulder
abduction torque produced upward cursor movement (positive y-direction), and shoulder
adduction produced downward cursor movement (negative y-direction). Torques displayed to the
participant were normalized for each movement as (target torque/ MVC) x100.

Participants were moved back to the fully adjustable study chair and secured to the
manipulandum for starting the Post RIC/Sham session. Maximum voluntary contractions for
elbow flexion were recorded 3x after completing the RIC/Sham intervention. Next, the
participants were asked to perform the Post RIC/Sham session (like the Pre RIC/Sham session
described above). EEG data were only collected during the Pre RIC/Sham and Post RIC/Sham
sessions. A custom-built LabVIEW (National Instruments Corporation, Austin, TX) program
provided the visual target and cursor feedback. The system also generated digital pulses during
the Pre RIC/Sham and Post RIC/Sham sessions to synchronize EEG, EMG, and the torque data.
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4.2.4 Study Measurements

EEG measurements: A 64-channel active electrode ACTi Cap (Brain Products GmbH,
Munich, Germany), set in the conventional 10-20 international electrodes system, was used for
EEG data collection. The reference electrode was at FCz, and the ground electrode was at AFz.
The Cz electrode was placed in line with the frontal plane prearticular points and the sagittal
plane nasion and inion points to align the EEG cap to each participant's head. SuperVisc gel
(Brain Products, GmbH, Munich, Germany) was applied to the surface electrodes to lower their
impedances below 10kOhms. EEG signals sampled at 1kHz were bandpass filtered (0.3 and
200Hz), notch filtered (60Hz), and amplified using the Scan 4.5 software and a Synamps 2 EEG
system (Compumedics® NeuroscanTM, Charlotte, USA).
Surface EMG measurements: EMG signals, amplified by 1000 and sampled at 1000Hz,
were recorded using a TrignoTM wireless EMG system (Delsys, Inc, Boston, Massachusetts) from
targeted muscles: anterior deltoids, posterior deltoids, biceps brachii, triceps brachii, pectoralis
major, and latissimus dorsi. The skin over each muscle belly of interest was abraded using gauze
and alcohol before placing the electrodes. This step minimized the impedance of the surface
electrodes. We recorded two sets of MVCs for all EMG target muscles to normalize the EMG
data during the visuomotor task. We chose the highest of the two MVC EMG datasets by visual
inspection for use in EMG normalization.
Torque Measurements: A force-torque sensor (6 degrees of freedom) (JR3, Inc.,
California, USA) was used to measure the forces and torques in the x, y, and z directions at the
elbow and shoulder joints. Force and torque values were sampled at 1000Hz. Participants placed
their elbow above the load cell during all isometric contractions while holding a compressible
ball.
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4.2.5 Data Analysis

EEG analysis: The EEGLAB toolbox (version v13.4.4b & v2020.0) (Delorme & Makeig,
2004), FieldTrip (version 2020-11-26) (Oostenveld et al., 2011), and custom MATLAB scripts
(version 2016a & 2020a, MathWorks, Natick, Massachusetts) were used to analyze the EEG data.
We merged all the trials between the Pre RIC/Sham and Post RIC/Sham for preprocessing to
assure consistent artifact rejection. The merged data were down-sampled from 1000Hz to 200Hz.
All EEG data were then bandpass filtered (1 – 50Hz) using a fourth-order zero-phase Butterworth
filter. Baseline and task periods were extracted from the cue onset (t = 0) to create a total of
108 trials. The manual rejection function of FieldTrip (ft_rejectvisual) was used to remove outlier
trials and noisy EEG channels from baseline-corrected trials (average # of trials/channels
removed for each participant: 31.75/1.83). The Adaptive Mixture Independent Component
Analysis (AMICA) (Palmer et al., 2011) function separated artifact signal components such as
eye blinks and muscle activity from EEG signal components. These artifact signal characteristics
were used to identify noisy components (Delorme et al., 2012; Puce & Hämäläinen, 2017). These
components were removed from our EEG signal (average # of components removed: 12.67). Our
EEG data were re-referenced to a common average reference across all electrodes. CSD Toolbox
(Version 1.1) was used to calculate the surface Laplacian for the EEG data using a spherical
spline algorithm (Kayser & Tenke, 2006; Perrin et al., 1989). Note that the spherical spline
algorithm is a more robust estimate of the EEG montage edge electrodes than the computation of
surface Laplacian using the local Hjorth estimate (Kayser & Tenke, 2015). Surface Laplacian
values were used to minimize the volume conduction effect seen in surface EEG data. The
hemispheres were switched for relevant datasets so the left hemisphere would represent the
lesioned hemisphere. The preprocessing steps allowed both the Pre RIC/Sham and Post
RIC/Sham to have the same channels and components removed and have the same number of
trials. The beta band frequency range of 13-26Hz was used for the remaining analyses. The
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baseline period was defined as 5s before the visual cue onset until 1s before cue onset (-5s to -1s);
the half infinity task period was from visual cue onset at 0s to 9s post cue.
Source Localization Analysis: Source localization of EEG data was performed using the
Brainstorm toolbox (Version 3.4 – 19 May 2016) to visualize the spatial distribution of activation
across the cortical surface. For source localization, we used the EEG data corrected for volume
conduction using the surface Laplacian algorithm, and we switched the hemispheres, so the left
hemisphere was the ipsilesional side. The default MNI/Colin 27 anatomical brain template
(Holmes et al., 1998) was used to compute each participant's distributed current dipole maps. The
inverse model for source localization was calculated in brainstorm using a depth-weighted
minimum L2 norm estimator of cortical current density (Hämäläinen & Ilmoniemi, 1994). The
forward model (OpenMEEG) (Gramfort et al., 2010) estimate was found using the boundary
element model (BEM) before the computation of the inverse model. Source localized data
calculated for each trial for Pre RIC/Sham or Post RIC/Sham sessions of each participant were
then bandpass filtered between 13-26Hz using a zero-phase fourth-order Butterworth filter.
Finally, Hilbert transformed filtered data were squared and averaged across trials to obtain power,
which was used to display the source-localized EEG data.
EMG analysis: The root mean square (RMS) of the EMG data was used to represent
muscle activity level. EMG data were bandpass filtered (10 – 350Hz) and notch filtered (60Hz)
using a fourth-order zero-phase Butterworth filter. The RMS values for all six muscles were then
calculated using a window size of 500ms. EMG data used for Pre RIC/Sham and Post RIC/Sham
value, divided by the difference of maximum and minimum value, and multiplied by 100.
Torque analysis: The participants placed their shoulder at an abduction angle between 40
and 45 degrees. The θ in torque calculations was the offset angle of the load cell with a rotation
along the y-axis of 40-45 degree (Figure 4.2) . Translation from the center of the load cell to the
elbow joint (Rz) and the shoulder joint (Rx = Rz + lhum) were measured. The elbow torque (ττel) in
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Equation. 4.1 and shoulder torque (ττsh) in Equation. 4.2 were calculated using translation and
rotation equations. Both the torque values were used to provide visual feedback to the participant
during the testing.

Elbow Torque (τel) =
Shoulder Torque (τsh) =

∗
+

!"

−
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∗
∗
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−
−

∗
∗

(4.1)
∗

(4.2)

Raw force (Fx, Fy, and Fz) and torque (Mx, My, and Mz) data were rotated and translated to
calculate the elbow flexion/extension and shoulder ab/adduction torques. MVC values during
each primary direction of elbow flexion, elbow extension, shoulder abduction, and shoulder
adduction were measured from the elbow/shoulder torques as follows: 1. As multiple recordings
were performed during each primary torque generation, we took the median of the first 500ms
(baseline) and subtracted that value from the rest of the data for each file's raw force and torque
values. 2. We combined all MVC recordings to compute the elbow/shoulder torques
(Equation. 4.1/ Equation. 4.2). 3. We identified the peak value from the elbow/shoulder torques
and took the median, 40ms around the peak (20ms before and 20ms after). 4. The median values
were used as MVCs for the primary torque production.
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Figure 4.2: Schematic for elbow and shoulder torque calculations. The offset angle for the load
cell for the torque calculations was between 40 and 45 degrees with the rotation along the y axis,
resulting in y’ along the forearm, z’ along the arm, and x’ perpendicular to the y’z’ plane.
Shoulder abduction/adduction was defined along the y’ axis at the shoulder and the elbow
flexion/extension along the x’ axis. The length of the arm defined as ‘lhum’ was used to calculate
the torques using Equation 4.1 and Equation 4.2.

During Pre RIC/Sham and Post RIC/Sham trials, the rotated and translated elbow
(Equation. 4.1) and shoulder torques (Equation. 4.2) were used in the following steps for further
analysis: 1. Elbow and shoulder torque data were separated as elbow flexion, elbow extension,
shoulder abduction, and shoulder adduction, and the primary direction MVCs (explained above)
were divided from each torque and multiped by 100 to obtain normalized torques. 2. Based on the
digital pulses used to synchronize all data in this study, we separated the normalized torques as
trials (9s of data) starting from the pulse. 2. The data were down-sampled from 1000Hz to 200Hz.
Activation analysis: The percent change in the EEG beta band power was used to
estimate cortical activation. Changes in beta band power relative to baseline represent cortical
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activation associated with a motor task (Pfurtscheller & Lopes da Silva, 1999). The Hilbert
transform was performed on the beta band signal at each electrode. The magnitude of the Hilbert
transform was calculated and squared to obtain an estimate of instantaneous power. The median
across all trials was calculated to minimize the effects of any outliers. Finally, a percent change
from baseline using Equation. 4.3 was used to normalize the beta power data for further analyses
(steps described above are shown in Figure 4.3).

%

=

−

∗

(4.3)

where %Change(t) represented the percent change in beta power relative to baseline. A(t)
represented the power at each time point of the series, and R represented the averaged beta power
across the baseline period (-5s to -1s before cue onset at t = 0). Event related depolarization
(ERD) is a reduction in power relative to baseline during a motor task (Pfurtscheller et al., 1999;
Pfurtscheller & Lopes da Silva, 1999; Stancák & Pfurtscheller, 1996).
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Figure 4.3: The beta ERD calculation steps using data from S8 Pre RIC. The represented data is
from a single trial at electrode C4 (contralesional hemisphere). C4 was one of the five electrodes
chosen for ERD analysis for the right hemisphere. The x-axis for all plots is time in seconds from
baseline to end of the task (-5s to 9s).

Task performance analysis: Three task performance parameters were chosen to identify
changes between the Pre RIC/Sham and Post RIC/Sham: mean area traced by the cursor
movement, cursor movement speed, and cursor directional velocity during the task. The mean
area was calculated using the Polyshape function in MATLAB 2020a. This function created a
Polyshape for each trial using the elbow torques as x and the shoulder torques as y and then
computed the area within the shape. The polyshapes were created for the elbow flexion and
extension circles independently for all relevant trials; then, areas were computed and averaged
across trials to obtain flexion circle area and extension circle area.
For computing the movement speed for a trial, we calculated the speed as the first
difference of the position signal and computed the standard deviation of the speed for each trial.
Similarly, for velocity, we calculated the dot product between the target velocity and the user
velocity and computed the standard deviation of the dot product for each trial. During
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calculations, the speed and velocity standard deviations were averaged across flexion during the
abduction, flexion during adduction, extension during the abduction, and extension during
adduction.

4.2.6 Statistical Analysis

For the ERD statistical analyses, the averaged beta (13-26Hz) ERD across the task
(0s to 9s) at electrodes (FC3, C5, C3, C1, CP3) in the ipsilesional hemisphere and electrodes
(FC4, C2, C4, C6, CP4) in the contralesional hemisphere were used. The beta ERD values across
these five electrodes in the left and right hemispheres were averaged, and the average will be
referred to as E5LH and E5RH, respectively. This study had two within-subject factors
(intervention: RIC vs. Sham, and time: Pre vs. Post). We used a two-way repeated-measures
MANOVA to explore the interaction between the two independent variables (intervention and
time) on the averaged beta ERD at the ten electrodes of interest. In addition, we used the two-way
repeated-measures ANOVA to test for changes in beta ERD before and after the RIC and Sham
interventions. A significant interaction effect would indicate a change in RIC compared to Sham
from Pre to Post time points.
For the statistical analyses of the torque signals, the flexion and extension circle areas
were added together to compute the infinity area for each Pre RIC/Sham and Post RIC/Sham, the
flexion abduction, flexion adduction, extension abduction, and extension adduction speed
standard deviations were averaged, and the flexion abduction, flexion adduction, extension
abduction, and extension adduction velocity standard deviations were averaged.
For the EMG statistical analyses, anterior and posterior deltoids, biceps, and triceps were
used. The pectoralis major, and latissimus dorsi signals were noisy for six participants and no
further analysis was conducted on these signals. EMG data for the four muscles were averaged
across tasks and trials.
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A two-way repeated-measures ANOVA (with the intervention and time factors) was used
to test for the interaction effect for the mean cursor area covered during infinity, mean standard
deviation of cursor speed, mean standard deviation of cursor velocity, and mean EMG.

4.3 Results

4.3.1 ERD Topographical Maps

Averaged beta ERD (13-26Hz) for 0s to 9s was visualized topographically across all
electrodes for Pre RIC, Pre Sham, Post RIC, and Post Sham conditions (Figure 4.4). As indicated
in the Methods section, EEG data in participants with a stroke in the right hemisphere were
hemisphere switched, so the left hemisphere was the ipsilesional hemisphere for data
visualization and analysis. The topographical distribution of beta ERD showed activation in both
hemispheres during all four conditions. Visual comparison between the Pre RIC and Post RIC
topographical maps showed an increase in ERD in the contralesional hemisphere, whereas no
such increase was evident Post Sham compared to Pre Sham. The difference maps between
Pre RIC/Sham and Post RIC/Sham were computed for each dataset before ensemble averaging
them, confirming the visual observation of the Pre/Post maps (Figure 4.4).
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Figure 4.4: Topographical maps of the beta band (13-26Hz) ERD averaged across the task
(0s to 9s) for N = 12. The first row shows the Pre RIC/Sham topographical maps, and the second
row shows Post RIC/Sham topographical maps. The color bar for the first two rows ranges
from - 70% to 30% change from baseline, where the cool colors show ERD. The third row shows
the difference map computed as (Pre RIC/Sham – Post RIC/Sham) for each participant data and
then ensembled averaged across participants. The warmer colors in the third row indicate an
increased ERD in Post RIC/Sham, and cooler colors indicate that ERD had reduced during Post
RIC/Sham. The black dot in all six topographical maps indicates the location of the electrode C4
(center of the contralesional hemisphere).
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4.3.2 Spatial Distribution for Infinity Task

Ensemble averaged (N = 12) data of the beta ERD at 13-26Hz averaged across the task
duration of 0s to 9s was visualized as source localized data (Figure 4.4). The beta ERD Post RIC
showed an increase in the contralesional hemisphere. In contrast, Post Sham beta ERD did not
show any difference compared to Pre Sham beta ERD in both hemispheres. The modest
differences seen between the Pre RIC and Pre Sham source-localized cortical activation patterns
were attributed to EEG data collection and analysis constraints, such as impedance, EMG-related
noise, etc.
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Figure 4.5: Source localized beta band (13-26Hz) cortical activation, Z-score averaged during the
task (0s to 9s) for N = 12. Source localized maps show the spatial distribution of the cortical
patterns, where warm colors depict activation (beta ERD), which is displayed as the Z-scores,
averaged across all participants. The range of the Z-score was -2 to 0. For reference, the area
marked on the brain surface maps (blue outline) represents the M1 region (primary motor cortex)
in both hemispheres.
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4.3.3 ERD Time Series

Post RIC beta ERD (E5: an average of 5 electrodes in sensorimotor regions of each
hemisphere) showed an increase in the ipsilesional (Figure 4.6.A) and contralesional hemisphere
(Figure 4.6. B) compared to Pre RIC. In contrast, beta ERD Post Sham did not show a difference
across the task (0s to 9) in either hemisphere. The beta ERD in both hemispheres for the
Pre RIC/Sham conditions was approximately 40%. The reduction in beta ERD in the
contralesional hemisphere for RIC was nearly 10%.
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Figure 4.6: The beta ERD represented as percent change from baseline for stroke participants
(N = 12) for RIC and Sham conditions. The dotted red line indicates cue onset for the task (0s).
The baseline period for computing ERD as percent change from baseline was -5s to -1s. A. The
beta ERD for RIC and Sham conditions for the ipsilesional hemisphere, where Pre RIC/Sham and
Post RIC/Sham are shown together for comparison. B. The beta ERD for RIC and Sham
conditions for the contralesional hemisphere, where Pre RIC/Sham and Post RIC/Sham are shown
together for comparison. The ERD for the beta band of 13-26Hz, averaged across five electrodes
in the ipsilesional hemisphere (FC3, C5, C3, C1, and CP3), and the contralesional hemisphere
(FC4, C6, C2, C4, and CP4), are referred to as E5LH and E5RH, respectively.
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4.3.4 ERD Statistics

RIC produced a significant increase in beta ERD in the contralesional hemisphere, as
summarized in Figure 4.7. Mean beta ERD across the task (0s – 9s) was calculated for all
participants (N=12) and analyzed with a two factor (intervention: RIC vs. Sham and time:
Pre vs. Post) repeated measures MANOVA for all ten electrodes in both hemispheres. The
MANOVA results showed no interaction effects between RIC and Sham for beta ERD before and
after each intervention, F(2,10) = 1.52, p = 0.46, η2 = 0.88, Wilks’λ = 0.116. Repeated measures
ANOVAs were then conducted for each electrode as well as E5RH and E5LH. The beta ERD for
E5RH showed a significant interaction effect of intervention x time (F (1,11) = 7.99, p = 0.016).
Bonferroni-adjusted pairs comparisons indicated that Post RIC beta ERD was 5.80% higher than
Pre RIC beta ERD (p = 0.028, 95% CI of the difference: 0.77 to 10.82). In contrast, beta ERD for
Pre and Post Sham did not significantly differ (p = 0.57). Similarly, Post RIC beta ERD was
8.95% higher than Post Sham beta ERD (p = 0.033, 95% CI of the difference: -17.003 to -0.869).
The beta ERD for Pre RIC and Pre Sham were only 1% different, which was expected as the
same individuals completed both interventions, and the slight difference was within expect EEG
variability. The beta ERD for E5LH did not show any main or interaction effect (p = 0.538) even
though descriptive statistics showed a 2% increase in mean beta ERD percent change from
baseline Post RIC compared to Pre RIC.
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Figure 4.7: The beta ERD statistics for the contralesional hemisphere. The beta ERD for
electrodes FC4, C2, C4, C6, CP4, and the average of these five electrodes (E5RH) for RIC and
Sham conditions are shown. Error bars denote +/- 1 standard deviation about the mean. Stars
indicate significant interaction effects (* indicates p < 0.05).

90
To explore the effects of RIC on individual electrodes within E5RH and E5LH, two-way
repeated-measures ANOVAs were performed for all ten electrodes. As expected, the five
electrodes for E5LH: FC3 (p = 0.67), C5 (p = 0.79), C3 (p = 0.51), C1(p = 0.32), and
CP3 (p = 0.45) were not significant even though they all showed an increase in mean beta ERD
from baseline for Post RIC compared to Pre RIC. The main effect of intervention on The beta
ERD at FC4 was significant (F(1,11) = 7.79, p = 0.018) as well as a significant interaction effect
between RIC/Sham and Pre/Post (F (1,11) = 19.41, p = 0.001). Bonferroni-adjusted comparisons
indicated that Post RIC beta ERD was 6.40% higher than Pre RIC beta ERD for
FC4 (p = 0.016, 95% CI of the difference: 1.43 to 11.37). Similarly, Post RIC beta ERD for FC4
was 13.51% higher than Post Sham beta ERD (p = 0.004, 95% CI of the difference:
- 21.55 to - 5.47). The main effect of study session on beta ERD at C2 was significant
(F (1,11 = 5.87, p = 0.034) but the interaction effect between RIC/Sham and Pre/Post was not
significant (p = 0.16). Bonferroni-adjusted comparisons indicated that Post RIC beta ERD was
7.19% higher than Post Sham beta ERD (p = 0.038, 95% CI of the difference: -13.88 to -0.49).
For beta ERD at C6, there was a significant interaction effect between RIC/Sham and Pre/Post
(F (1,11) = 5.614, p = 0.037). Bonferroni-adjusted comparisons did not indicate any significant
differences in the pairwise comparisons. The beta ERD had no interaction effects for
C4 (p = 0.134) or CP4 (p = 0.052).
Paired student t-tests between Pre RIC and Post RIC for mean beta ERD indicated
significant Post RIC increase for FC4 at 6.4% (p = 0.016, 95% CI of the difference:
1.4% to 11.4%), C2 at 5.9% (p = 0.029, 95% CI of the difference: 7.4% to 11.1%),
CP4 at 6.75% (p = 0.019, 95% CI of the difference: 1.3% to 12.2%), and E5RH at 5.8%
(p = 0.028, 95% CI of the difference: 0.8% to 10.8%). However, electrodes C4 (p = .133) and
C6 (p = 0.084) were not significantly different Post RIC compared to Pre RIC. Similarly,
electrodes on the left hemisphere, including E5LH (average of 5 electrodes in the left
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hemisphere), were not significant (FC3:p = 0.87, C5:p = 0.59, C3:p = 0.58, C1:p = 0.17,
CP3:p = 0.45, E5LH:p = 0.45).
Paired Student t tests between Post RIC and Post Sham showed significantly higher Post
RIC mean beta ERD for FC4 at 13.5% (p = 0.004, 95% CI of the difference: -21.5% to -5,5%),
for C2 at 7.2% (p = 0.029, 95% CI of the difference: -13.8% to -0.5%), and for E5RH at 8.9%
(p = 0.033, 95% CI of the difference: -17.0% to -0.8%). Electrodes C4 (p = 0.06), C6 (p = 0.18),
and CP4 (p = 0.16) were not significantly different Post RIC compared to Pre RIC. Similarly,
electrodes on the left hemisphere including E5LH (average of 5 electrodes in the left hemisphere)
were not significant (FC3:p = 0.48, C5:p = 0.40, C3:p = 0.75, C1:p = 0.18, CP3:p = 0.49,
E5LH:p = 0.68).

4.3.5 Torque Traces for Infinity Task

The effect of the intervention on the visuomotor tracking task was assessed to determine
whether the EEG changes were manifested in changes in performance. The mean area covered
increased, mean standard deviation of the speed of increased, and mean standard deviation of
velocity decreased during the infinity task Post RIC compared to Pre RIC, but changes were not
statistically significant compared to Sham. Representative torque data from a single subject
undergoing RIC is shown in Figure 4.8.A. The target circles are shown in red and were traced
beginning at the center and moving in the counterclockwise (starting with shoulder abduction
with elbow flexion/extension) or the clockwise (starting with shoulder adduction with elbow
flexion/extension) directions. The performance across both conditions for the mean area covered
during each trial by each participant showed an increase Post RIC (67% increase from 78.65 area
covered to 131.37 area covered); whereas Post Sham there was a small reduction (from 104.4
area covered to 102.0 area covered) compared to the Pre RIC/Sham conditions. Note that the
mean area covered during Pre RIC was lower than Pre Sham. The poorer performance Pre RIC
might be attributed to 7 out of 12 participants performing the RIC session first.
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The mean area under the curve for the infinity task for Post RIC (131.37) was higher than
Pre RIC (78.65), and Post Sham (102) was lower than Pre Sham (104.4) but not statistically
significant for interaction effect using two way repeated measures ANOVA (p = 0.22) (Figure
4.8. B). The mean, standard deviation of speed for Post RIC (43.8) was higher than Pre RIC
(41.8), and Post Sham (49.7) was lower than Pre Sham (50.8) but not statistically significant for
interaction using two way repeated measures ANOVA (p = 0.61). The mean, standard deviation
of velocity for Post RIC (9.41) was similar to Pre RIC (9.40), and Post Sham (9.6) was lower than
Pre Sham (10.4) but not statistically significant for interaction effect using a two way repeated
measures ANOVA (p = 0.62).

Figure 4.8: Individual torques, and statistical analysis of the area covered during the infinity task. A. Individual trial traces and the trial
average are shown for participant S2 (Paretic right, Fugl-Meyer: 43). The circles shown in red denote the target circles. The black and blue
traces (thinner lines showing individual trials and thick lines showing the average of the trials) show the Pre RIC and Post RIC data,
respectively. The arrows show the direction of movements, whether counterclockwise (Starting with shoulder abduction with elbow
flexion/extension) or clockwise (starting with shoulder adduction with elbow flexion/extension). B. Ensemble averages for all participants
(N = 12) of the area covered during the infinity task. Error bars show +/- one standard deviation.
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4.3.6 Normalized EMG for Infinity Task

Mean normalized EMG showed a small significant increase Post RIC for posterior
deltoids and reduction Post Sham. In addition to posterior deltoids, Figure 4.9 shows the
normalized EMG for anterior deltoids, biceps, and triceps for the ensemble average for all
participants (N = 12). Mean normalized EMG across the task (0s to 9s) was analyzed with a two
factor (intervention: RIC vs. Sham and time: Pre vs. Post) repeated measures ANOVA. The mean
normalized EMG for posterior deltoids showed a significant interaction effect of intervention x
time (F(1,11) = 5.06, p = 0.046). The other muscles: anterior deltoids (p = 0.26), biceps
(p = 0.87), and triceps (p = 0.89) did not show a significant interaction effect.

Figure 4.9: Statistical analysis of the mean normalized EMG. Ensemble averages (N = 12) of
normalized EMG averaged across trials. Error bars show +/- 1 standard deviation of the mean.
A significant difference in the interaction effects is indicated by stars (* indicates p < 0.05).
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4.4 Discussion

4.4.1 Main Results

Our data support our hypothesis that cortical activation increases Post RIC in stroke
individuals during a complex visuomotor isometric task. Notably, we demonstrated for the first
time that RIC is linked with an increase in brain activation, specifically in the contralesional
hemisphere, and this increase is not seen with a Sham intervention (Figure 4.4 and Figure 4.6.B).
RIC was also associated with an improved performance (area under the curve; Figure 4.8.B) and
a significant increase in the EMG activation for the posterior deltoids (Figure 4.9). The
mechanisms underlying these increases in brain activity are unknown but might involve group III
and IV muscle afferent pathways and their influence on the monoaminergic input to the cortex.
The ability of RIC to increase cortical activation might be used to prime the cortex for
task-specific therapy for neurorehabilitation in people with stroke.

4.4.2 Cortical Activation During Movement

Movement-related cortical activation varies in magnitude, spatial distribution, and time
course relative to motor tasks in people with stroke. Cortical activation is present bilaterally even
for simple movements (Leocani & Comi, 2006; Platz, 2000; Rossiter et al., 2014; Steogonpień et
al., 2011). As the complexity of the task increases to include multiple muscle groups (such as
movement of an arm) and with the utilization of visual cues to control the motor task, cortical
activation gets diffused to include non-primary motor regions such as premotor and
supplementary motor areas in both hemispheres (Rossiter et al., 2014) and parietal areas (Snyder,
2020). Migration of increased cortical activation to the non-primary regions of the lesioned
hemisphere as well as to the regions of the contralesional hemisphere has been accorded to
cortical reorganization in people with stroke (Cicinelli et al., 1997; Johansen-Berg et al., 2002;
Platz, 2000; Rossini et al., 1998). In people with chronic stroke, cortical activation is stronger in
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the contralesional hemisphere during a dynamic figure-8 tracing task using the paretic arm
(Snyder, 2020). The pattern of activation for the multijoint visuomotor infinity task in the current
study showed cortical activation as beta ERD in both hemispheres (Figure 4.4) with stronger
activation in the contralesional hemisphere. These observations are largely consistent with
previous observations.

4.4.3 Effect of RIC on Healthy Adults

RIC elicits a systemic response and increases motor performance by replicating
exercise-related changes in healthy adults. RIC simulates exercise, as the occlusion of blood flow
simulates the mechanical changes to the skeletal muscles akin to an intense workout and causes
the accumulation of metabolites and reduction in available oxygen. The subsequent reperfusion
brings in nutrients and oxygen and eliminates the buildup of metabolites. The mechanical and
metabolite changes seen with higher intensity exercise and simulated using RIC elicit a response
from the group III and IV muscle afferents (Taylor et al., 2016). Stimulation of these small
diameter muscle afferents influences the brain stem's autonomic centers. These centers in the
brain initiate the flight or fight response with increased heart rate and diversion of blood flow
from non-critical to critical muscles (Amann et al., 2011). This process is necessary to meet the
demands of the muscles involved in the exercise (Sharma et al., 2015). Changes in exercise
performance include improved exercise endurance (Bailey et al., 2012; Cruz et al., 2015),
enhanced maximal effort (Crisafulli et al., 2011), increased maximal performance (Cruz et al.,
2016; de Groot et al., 2010), and delayed perception of fatigue (Barbosa et al., 2015; D. Tanaka et
al., 2016). These exercise-related improvements seen with RIC in healthy adults have been
ascribed to some of these systemic changes such as increased oxygen uptake (de Groot et al.,
2010), increased or moderated use of adenosine triphosphate (ATP) (Bailey et al., 2012; Crisafulli
et al., 2011; Jean-St-Michel et al., 2011) or enhanced circulation (Sharma et al., 2015). The
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benefit of RIC extends further than exercise performance as Cherry-Allen and colleagues have
shown improvement in motor learning (Cherry-Allen et al., 2015).

4.4.4 Effects of RIC on People With Stroke

Like healthy adults, RIC might cause an increase in neuromodulators in the brain to
provide benefits to people with stroke. While benefits of RIC have been ascribed to both humoral
and neural pathways, to the best of our knowledge, the mechanisms of neural changes due to RIC
have not been explored. In a recent pilot study, Hyngstrom and colleagues ascribe the boost of up
to 11.2% in motor performance in people with stroke to improvement in neural activation
(Hyngstrom et al., 2018). It has been suggested that RIC stimulates the group III and IV afferents,
which might be hyperexcitable in people with stroke, they release monoaminergic
neuromodulators that could increase motor activity (Cruz et al., 2017; Hyngstrom et al., 2018;
Knorr et al., 2012; Sharma et al., 2015). These monoaminergic modulators are regulators of
cortical and subcortical networks involved in sensory processing (Jacob & Nienborg, 2018).
Further, neuromodulators such as serotonin increase the excitability of spinal motoneurons
(Heckman et al., 2008, 2009; Sharma et al., 2015) which might amplify the effects of increase
cortical drive. Thus, the increase in cortical activation after RIC in the current study might be
attributed to release of monoamines in the brain in response to activation of muscle group III/IV
afferents.
The overall increase in cortical activation, specifically in the contralesional sensorimotor
regions of the brain in people with stroke, may reduce individuation due to increased use of
alternate descending pathways. Direct and indirect changes due to the lesions in stroke,
specifically to the corticospinal tract of the ipsilesional hemisphere, increase reliance on the
contralesional connections to motoneurons via reticulospinal tracts (Karbasforoushan et al.,
2019). We observed increased bilateral cortical activation after RIC in the current study (Figure
4.4 and Figure 4.5), but that increase was not manifested as improved performance or increased
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muscle activation in most of the muscles involved in the task. In both the Pre RIC and Post RIC
we observed that study participants had difficulty maintaining the movement smoothness when
following the target during the task that included abrupt increases or reductions in speed,
surpassing the target, waiting for the target to catch up, and skipping the curves for a more direct
movement from one point to another. The lack of substantial improvement in motor function with
increased cortical activation might be attributed to the locus of the activation in the contralesional
hemisphere, which could provide excitatory drive that does not necessarily improve fine motor
control (Dewald et al., 1995; McPherson, Chen, et al., 2018; Yao et al., 2009; Yao & Dewald,
2018).
The positive influence of RIC on cortical activation did not translate to increased elbow
flexion MVC nor increases in activation of the primary muscles used in the infinity task. An
increase in torque output of the paretic leg is observed with RIC of the paretic leg (Hyngstrom et
al., 2018); however, we did not see a similar increase in elbow maximum flexion torque in the
current study. The differences in these results might be due the remote location of the RIC
(paretic leg) relative to the measured limb (paretic arm), in the current study, a ceiling effect for
elbow flexion in the current study or difference in neural control of the knee extensors compared
to the elbow flexors. The participants in the current study were able to perform elbow flexion
with minimal deficits, with little room for improvement with RIC. Similarly, the biceps, triceps,
and anterior deltoid muscles, were able to generate closer to the required level of activation
(15% EMG of MVC), as shown in Figure 4.9. As individuals with the most motor impairment
show the biggest change due to RIC (Hyngstrom et al., 2018), it stands to reason that the muscle
with the percent of normalized EMG might show the most improvement with RIC.
The increase in cortical activation Post RIC appears to produce a “priming” effect for
neurorehabilitation in people with stroke. While the increase in cortical activation did not lead to
substantial improvements in motor function, the increased activation likely reflects priming of the
brain, which has been suggested to improve neuroplasticity underlying recovery of function. RIC

99
shows promise as an adjunct to task-specific therapy to improve rehabilitation in people with
stroke.

4.5 Study Limitations

While we accounted and corrected for EEG data collection and analysis-related issues
such as movement artifacts and volume conduction, we could not eliminate all EMG artifacts as it
was difficult to separate EEG signal from EMG noise during analysis. We secured the torso of the
participants with straps to minimize trunk-related muscle contractions and secured the study arm
to the manipulandum during the task. We also monitored and minimized non-task-related muscle
contractions (movement of unaffected arm and legs) in participants but could not eliminate the
possibility of non-task-related changes in cortical activity. The non-task-related changes to the
cortical activity may also have been influenced by individuals silently coaching themselves
through the task.
The RIC and Sham interventions were randomly assigned and were at least four days
apart, but the longevity of the effects of RIC on cortical activity in people with stroke is unknown
(Koch et al., 2014). In addition, even the low-level occlusion pressure of 25 mmHg used during
the Sham sessions in the current study might affect the humoral and neural pathways (Cruz et al.,
2015). Therefore, we attempted to minimize intervention bias by informing participants that low
pressure (Sham) and high pressure (RIC) may benefit performance but could not blind the
participants to the intervention.
Participants were provided adequate rests between task recordings, but we cannot
eliminate potential visual fatigue that may have influenced participants focused on the screen
while following the target.
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CHAPTER 5: SUMMARY OF RESULTS AND FUTURE DIRECTIONS

5.1 Summary of Results

This dissertation examined the effects of cortical reorganization after stroke on cortical
activation using EEG. The high temporal resolution of EEG allowed us to quantify changes in
magnitude and spatial distribution of cortical activation. We have established that the cortical
activation in stroke differs from controls at the end of a cued simple motor task and when fatigue
pushes the neuromuscular system to the limits. Our results suggest that people with stroke have
difficulty terminating their muscle activation at the end of the task. Furthermore, they showed an
inability to increase drive to the muscles at the onset of neuromuscular fatigue, and remote
ischemic conditioning (RIC) therapy can prime the neural landscape to enhance the benefits of
task-specific rehabilitation. This dissertation was the first to design a fatigue protocol to quantify
changes in cortical activation using EEG. It was also the first to investigate the influence of RIC
on neural pathways by exploring cortical activation. This dissertation has increased our
understanding of the impact of compensatory mechanisms such as cortical reorganization in
stroke and documented the benefits of RIC on cortical activation, which was previously
unexplored. Understanding the effects of fatigue and RIC on the brain will lead to better
neurorehabilitation therapies for people with stroke. This chapter summarizes the results and the
research paths to explore in the future.

5.1.1 Aim1: Demonstrate the Difference in Cortical Activation and Connectivity Between Stroke
and Age-Matched Controls During and After a Simple Cued Motor Task

Post-stroke, cortical reorganization, and reduced sensory feedback lead to errors in
sensorimotor integration that are needed to terminate a motor task. Cortical activation remained
present at the end of a cued motor task suggesting prolonged muscle activation in stroke patients.
Similarly, at the end of the task, negative coherence between the ipsilesional motor areas and the
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brain frontal region was not observed in stroke participants. The reduction in activation and
connectivity in the stroke group was significantly different in the ipsilesional hemisphere. These
findings suggest that the inability to terminate movement at the end of a task may be due to the
loss of sensory feedback pathways.

5.1.2 Aim2: Quantify the Change in Cortical Activation in Stroke Following Fatigue at the End of
a Prolonged Submaximal Isometric Visuomotor Task

Post-stroke, changes to neurovascular coupling and central fatigue render the stroke brain
unable to meet the demands of a motor task when fatigue pushes the neuromuscular system to its
limits. Post Fatigue, people with stroke showed a reduction in activation exacerbated at the end of
the task. The stroke group also showed a decline in torque that corresponded to the reduction in
cortical activation. The divergence of event-related reduction in power before and after fatigue
was present in both hemispheres but was significantly different in the lesioned hemisphere.
These findings suggest that neuromuscular fatigue in stroke might be due to the
overutilization of resources typically used by healthy adults for complex processing. Activating
additional nonprimary regions of the brain due to cortical reorganization and alternate descending
neural pathways resulted in less than optimized use of the muscles to perform the task. Changes
in neurovascular coupling post-stroke ensure that the supply of oxygen and other resources are
reduced when the overuse of resources necessitates an increase in supplies. The excessive
demands and the burdened supply combined with a lack of sensory feedback to maintain this
interplay leads to a reduction in the cortical drive during stroke fatigue.

5.1.3 Aim3: Determine if Remote Ischemic Conditioning Will Alter Cortical Activation in
Individuals With Stroke During a Complex Visuomotor Submaximal Isometric Task

Cortical reorganization and alternate descending pathways increase motor deficits, and
RIC has shown improvements in muscle strength and perception of fatigue in people with stroke.
In addition, Post-RIC stroke individuals increased cortical activation in the contralesional
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hemisphere that was not seen Post Sham. RIC also showed increased task performance (area
under the curve) and significantly improved muscle activation of the posterior deltoids.
These findings suggest that the impact of RIC on cortical activation may be due to the
influx of neuromodulators to the cortex triggered by activation of group III and IV muscle
afferents. As the increase in activation was seen in the contralesional hemisphere, it may be
reducing individuation during movement as the activation may be getting relayed to the muscles
via alternate pathways. As an aide to other therapies or as a stand-alone therapy, RIC may be
capable of “priming” the cortex for task-specific neurorehabilitation therapy for stroke.

5.2 Future Directions

5.2.1 Neuromuscular Fatigue

Our neuromuscular system can adapt to lesions due to stroke and employ neuroplasticity
mechanisms such as cortical reorganization as one form of adaptation. While these adaptations
are not optimal for returning to the baseline performance before the stroke, it allows us to use
neuroplasticity to our advantage. As fatigue pushes the systems to the limits, using the fatiguing
protocol to induce fatigue of the central systems will allow us to explore neuromuscular fatigue as
a training protocol. We hypothesize that neuromuscular fatigue as a training protocol will result
in cortical adaptations either by recruiting alternate cortical networks or delaying the onset of
fatigue in people with stroke.
Neuromuscular fatigue in stroke highlights the disparity between increased demand
(overuse of neural resources) and reduced supply (impaired regulation of oxygen and other
supplies) during a motor task. We hypothesize that this disparity would be higher in people with
stroke with higher levels of impairment. Future studies could test this hypothesis by targeting
submaximal elbow flexion or extension instead of wrist flexion as highly impaired individuals
struggle with spasticity in their upper limbs. We expect that the level of impairment will
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correspond to the level of reduction in cortical activation and will detect if other brain regions
pick up the slack. The supplement to this analysis should compare activation changes to muscle
activation in the agonist and antagonist muscles associated with the task. To fully understand the
interplay of use of neural resources and supply via cerebral blood flow, recording the change in
blood flow (Pineiro et al., 2002) using near-infrared spectroscopy (NIRS) or change in
cerebrovascular reactivity (CVR) (Krainik et al., 2005) using ultrasound would complement
cortical activation data to obtain a complete picture.
In Aim2, we established that mildly impaired stroke individuals reduce cortical
activation at the onset of fatigue. In future studies, it would be advantageous if the participants
were grouped by cortical or subcortical stroke. Stroke has direct and indirect connectivity changes
(Kalinosky et al., 2017), and changes in cerebrovascular coupling exist in both the lesion and in
regions far from the lesion (Promjunyakul et al., 2013); it would be interesting to identify
different mechanisms that people with different stroke lesion locations (cortical/subcortical)
employ at the onset of fatigue.

5.2.2 Remote Ischemic Conditioning

Cortical reorganization is a less than ideal compensatory mechanism that aids in
movement in people with stroke, and rehabilitation therapies are just stopgaps. Previous studies
using RIC as a therapy for people in stroke have shown improvements in muscle strength and
self-selected walking speed as well as reducing fatiguability in the leg muscles (Durand et al.,
2018; Hyngstrom et al., 2018). In this dissertation for Aim3, we have demonstrated for the first
time that a single session RIC can increase cortical activation by nearly 10% in people with stroke
during a complex upper extremity isometric visuomotor task. The next step to further our
understanding of the changes in cortical activation would be to administer RIC for multiple
sessions. If a single session RIC can increase the cortical activation, multiple sessions can
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highlight if the cortical activation remains or the activation changes in magnitude and spatial
distribution.
RIC with chronic (>6 months post-stroke) stroke survivors during an isometric
submaximal task have shown the “priming” effect desired for task-specific neurorehabilitation.
We hypothesize that RIC as an adjunct to traditional therapies for stroke survivors, single or
multiple sessions, may positively alter motor function.
Neuromuscular fatigue causes a reduction in cortical activation, and RIC increases
cortical activation in people with stroke. Therefore, we hypothesize that applying RIC before the
fatiguing task will provide the brain with the otherwise unavailable support system, such as a
feedback system to manage resources to the brain. Furthermore, a single session RIC could be
used to ascertain the changes in cortical activation post fatigue. Similarly, multiple session RIC
could be used as a training protocol to provide an adaptation technique for people with stroke.
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APPENDIX A: TASK-BASED SPATIALLY CORRELATED COHERENCE

We used a novel coherence metric, "task-based Spatially Correlated Coherence"
(tbSCORCH), to quantify active cortical networks based on task-based coherence (tbCoh)
(Snyder, 2020). For this metric, individual coherence maps are compared with a template map
to create tbSCORCH correlation values for each participant. High tbSCORCH values indicate
that the participant's connectivity pattern is like the template, and low correlation tbSCORCH
values indicate different spatial connectivity patterns (Snyder, 2020). We computed Finger
tap and Post task standard templates by averaging tbCoh matrices of controls (N=10) during
Finger tap and Post a task, respectively. To compute electrode-specific tbSCORCH
correlation values, each electrode tbCoh value was spatially correlated with the corresponding
tbCoh values of the Finger Tap or Post Task template. We then normalized the tbSCORCH
matrices using the Fisher z transform before ensemble averaging them across each group
(stroke group or controls).
For statistical analysis, we ran a separate independent t-test for Fisher z-transformed
tbSCORCH values for electrodes C3, Fz, and C4 during Finger Tap and Post Task on both
groups for the mean difference with a Type I error rate of α= 0.05.
For the Finger tap template for tbSCORCH, we averaged the control tbCoh matrices
for all participants (N=10), and for the Post Task template, we averaged the controls
Post Task tbCoh matrices. As tbSCORCH represents the spatial correlation of the tbCoh
values and the tbSCORCH templates at each corresponding electrode, we calculated
tbSCORCH matrices for individuals from both groups for the Finger Tap and Post Task. We
then averaged the Fisher z transformed tbSCORCH matrices for each group and showed the
results in Figure A. 1. We saw a high correlation for the Finger Tap with the template in both
groups at three spatial regions or "nodes" (Snyder, 2020). These three spatial nodes are at the
sensorimotor areas on both hemispheres and the frontal cortical region. We see that the
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tbSCORCH for the ipsilateral node was visually more extensive than the contralateral node in
the stroke group. In controls Post Task, tbSCORCH nodes were present at the contralateral
hemisphere and the frontal brain regions. In the stroke Post Task, no discernible tbSCORCH
nodes were found across all cortical regions of the brain.

Figure A. 1: Fisher z mean tbSCORCH topographic map in beta band (13 – 26Hz). Spatial
correlation of the tbCoh values and the controls template for Finger Tap and Post Task for stroke
group and controls
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The dependent variables, Fisher z mean tbSCORCH values at electrodes C3, Fz, and
C4) during the Finger tap and Post task, were statistically analyzed between the two groups
using an independent t-test (Figure A. 2). The Fisher z mean tbSCORCH values during the
Finger tap at C3, Fz, and C4 were higher in controls than the stroke group but were not
significantly different. However, Post task C3 in controls (0.463 ± 0.246 Fisher z), were
significantly higher than post-task C3 in stroke (- 0.014 ± 0.185 Fisher z), (t(18) = 4.889,
p < 0.001). Post-task Fz in controls (0.519 ± 0.232 Fisher z), were significantly higher than
post-task Fz in stroke (- 0.105 ± 0.294 Fisher z), (t(18) = 5.269, p< 0.001). Similarly, Post
task C4 in controls (0.438 ± 0.212 Fisher z), were significantly higher than post-task C4 in
stroke (- 0.060 ± 0.292 Fisher z), (t(18) = 4.371, p < 0.001).
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Figure A. 2: Statistical analysis of Fisher z mean tbSCORCH for C3 (ipsilesional hemispheres),
C4 (contralesional hemisphere), and Fz (frontal region) for N = 10. FTap represents Finger tap
means at C3, C4, and Fz electrodes. PTask represents Post task means at C3, C4, and Fz
electrodes. C3PTask, C4PTask, and FzPTask are statistically different between stroke group and
controls. Error bars show +/- 1 standard error of the mean.

